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9.6 InFig 917, caleulate the volid

ge AUross
the capacitor and the current Howing
through it

Industrial application

0.7

9-§

The nameplate on & STKVA 1rq:ﬁfﬁnncf
shows 3 pnm,:ﬂ‘!. voltage ol 480 Vand o se¢-
ondary voltage of 120°V. We wish 1o deter-
mine the Approximate pumbet of tums on 1h4_c'
prmury and secandary windings. Toward this
end. three wms of wire are wound around the
external winding, and a volimeleris con nected
across this 3-turn coil. A voliage of 76 Vs
then applied 10 the 120 V winding. and the
valiage aeross the 3-um winding is found (o
be l'J.’;iS V. How many turns are there on the
480V and 120V windings (approximately)?
A coil with an air core has a resistance of
14.7 2. When it is connected o a 42 V, 60
Hz ac source. it draws a current of 1.24' A,
(Calculate the following:
i. The impedance of the coil
b, The reactance of the coil, and 1ts inductance

€ The phase dngle berween the dpplied voltage

(42 V) und the current(1,.24'A),
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Two conls are set up as shown i | T
Their respechive fﬂﬁfﬁlﬂlwf‘h are small dnd
muy be ncgll.‘:clfd. The coil hm'in_q (eriipg
I, 2 has 320 wirns while the coil han ing |L".|'L'1
minals 3. 4 has 160 turns. 1Uis foypg H;." :
whena 56 V. 60 Hz voltage is app|iey .
munals 1-2. the voltage across termin, ). ‘-:L_:
is 22 V. Caleulate the peak values of . .E-,
and &) - o
A 40 F. 600 V paper capacitor is a, ailable
but we need one having a rating of 4 :
300 wE Itis proposed to use a IS o rmer
tamodify the 40 (wF so that it appears 4
300 pE The following transformer rayjo.
are available: 120 V/330 V: 60 V/45() v
480 V/150 V. Which transformer is the Mios
appropnate and what is the reflected valye
of the 40 WF capacitance? To which side of
the transformer should the 40 wF capaciiy
be connected?

2OUL

CHAPTER 10
Practical Iransformers

10.0 Introduction

n Chapter 9 we studied the ideal transformer and
discovered 1ts basic properties. However, in the
real world transformers are not 1deal and so our
simple analysis must be modified 1o take this into
account. Thus, the windings of practical transform-
ers have resistance and the cores are not infinitely
permeable. Furthermore, the flux produced by the
primary is not completely captured by the sec-
ondary. Consequently, the leaKage fux must be
taken into account. And finally, the iron cores pro-
duce eddy-current and hysteresis losses, which con-
tribute to the temperature rise of the transformer.
[n this chapter we discover that the properties of
a practical transformer can be described by an
equivalent circuit comprising an ideal transtormer
and resistances and reactances: The equivialent cir-
cuit is developed from fundamental concepts: This
enables us to calculate such characteristics as volt-
age regulation and the behavior of fransformers that
are connected in parallel, The per-umti method 1s
also used to illustrate its mode of application.

10.1 Ideal transformer
with an imperfect core

The ideal transformer studied i the previous
chapter had an infinitely permeable core. What
happens if such a perfect core 1s replaced by an
iron core having hysteresis and eddy-current
losses and whose permeability 18 rather low? We
can represent these imperfectons by two circuil
elements R, and X, in parallel with the primary
terminals of the ideal transtormer (Fig. 10.14). The
primary is excited hy a source E, that produces a
voltage Ey.

The resistance R, represents the iron lasses and
the resulung heat they produce. To fumish’ these
losses a small current /; 1s drawn from the ling. This
current isin phase with £, (Fig. 10.1b).

The magnetizing reactance X, 1S @ measure of
the permeability of the transformer core. Thus, if
the permeability is low, X, 15 relatively low. The
current [, flowing through X, represents the mag-
netizing current needed to ereate the flux B, 10 the
core. This current lags 907 behind £,
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lngses

. The impedance corresponding to 1he iran
15

R = EIP, = 120%/180
= R0 (]

The magnetizing reactance js

P =180W b y e :
Frm Xm = Ll-IQr.. = 120°/572
= 25.2 ()

Figure 10.1a o Flgure 1!}.25 1
S i L SELEXRDRS SNt . The current needed 1o supply

a resistance A~

the iron losses is

Iy = E\IR,, = 120/80
transformeris shown in Fig. 10.1b. The Peak valye = .5 A Figure 10.3

of the mutual flux @, 15 again given by Eq, 9.2; 1% _ Transformer with infinitet
The magnetizing current is Y pefmeatia care at no-oad,

The values of the impedances K, and X, can be
found expenmentally by connecting the trans-
former to an ac source under no-load conditions and B, = E/(444 N, i

» - . o i — % # — —
measuring the active power and reactive power 11 I, = EJX.. = 1201252

across the primary is E, and it sets up a mutual flux

absorbs, The following equations then apply: Example 10-1 =4.8A Povra in the core. This flux lags 90° behind E, and

—_—

its peak value is given by @_, = EJ(4.44 N,
| : - Because the core is infinitely permeable and be-
I,=VE+ P =\15 + 48 cause it has no losses, the no-load cumrent 7, = 0,

The voliage E, is given by E. = (NoINy) E.. Owing
to the current being zero, no mmf is available to
The phasor diagram is given in Fig. 10.2b. drve flux through the air; consequently, there is no

R, = EIP. (10:1) A large transformer f:'uperauing at no-load draws ap The exciting current /. is
X, = Elzl,-@m (10.2) exciting current /, of 5 A when the. primary IS Con-

nected 0 a 120V, 60 Hz source (Fig, 10.24), From
Where a wattmeter test it is known that the iron losses gre =5A
equalto 180 W.*

R, = resistance representing the iron losses [ €]
= milgﬂl:"ifiﬁg reactance of the Pﬂmﬂ]’} Calculare o Ic;]l.'_uge Hux hnkmg with the I]HMAT}“

winding [£1] . The reactive power absorbed by the core fo v e AP Let us now connect a load Z across the sec-
b. The value of R, and X, , ondary, keeping the source voltage E, fixed (Fig.
- . The v; ' 10.4). This simple operation sets off a train of
= iron losses [W] ¢. The value of 7, [y and 7, ) _ pl Gpe: ation sets off

: . events which we list as follows:
= reacuve power needed (o set up the mutoal Solution
Aux b, [var] d. Theapparent power supplied to the core is

= primary voltage [ V]

The total current needed 1o produce the flux ¢ in 3= EyL.= 120 % § Figure 10.2b

an imperfect core is equal 1o 1he phasor sum of J -
) DIALES i = Phasor diagram.
and [, 1t is called the exciring curren: Ly It isusu- 600 YA g
ally v small percentage of the full-load current. The The iron losses dre | 10.2 Ideal transformer

phasor diagram at no-load for this less-than-ideal with loose CDUp"ng | ! Y ;
_ A
/

Py = 180W

We have just seen how an ideal transformer behaves

The reactive power absorbe ' the core . ' ' T
PoWerabsorbed by the core is when it has an imperfect core. We now assume a ! :
transformer having a perfect core but rather loose I : |:‘-" l

=\/5? 2 _ Al6002 2 -
il R 160 coupling between its primary and secondary wind- : ﬂ'::-u-l:}*
= 372 var ings. We also assume that the primary and sec-
. ondlary windings have negligible resistance and the Figure 10.4
turns are Ny, N, Mutual fluxes and leakage fluxes produced by a trans-
Consider the transformer in Fig. 10.3 connected former under load. The leakage fluxes are due o the

. - ils.
loasource £, and operating at no-load. The voltage imperfect coupling between the coils

Figure 10.1b

FhBSDl tﬂagl"ﬂfﬂ D’ a —
L: pfﬁﬂ'ﬂﬁf Uﬂﬂﬁ‘fﬂfmﬁr W
al no |ﬂ3d. {ron lasses e diMu!.!unJ in Et:i:llll[lh 2.26 10 220
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ately begin'to flow in

Sgrrents 1, and fy immed: -
g ndings. They arc

(he primary and secondary wi
related hy the I.i:ll.'-’ll*l"r{lll-‘ih'.lmll“.:
Ii/fs = Ny/N i hence NI = Naly

Naly while f; produces ih
g:'wlnmnlivc [orces are
wition because when [
arked terminal 1, 45

[ equation

[

I produces an mmb

mmf Nyl These ma

equaland in direct oppx
flows into the polanty-m

fows out of polarty-murked (erminal 3.

3. The mmf Nuls produces a tetal ac fMux Py A
partinn of B (D,5) links with the primary
winding while another partion (b, ) does noL.
Flus d, 5 18 called the secandary leakawe flux.

4. Similarly, the mmf N/, produces & total ge flux

b, A partion of &, (D) links with the sec-

ondary winding, shile another partion (P, ) does

not. Flux @y, 15 called the primary leakage fliL:

The magnetomotive forces due to /, and /5 upset
the magnetic field B, thatexisted in the core he-
fore the load was connected. The question is, how
can we analyze this new siwation?

Referring 1o Fig. 104, we reason as follows:

| First, the total flux produced by /; is composed
! of two parts: g new mutual flux @ and a leakage
flux &, (The mutval flux @, in Fig, 10,4 15 not
the same as ', in Fig. 10.3,)

Second, the total flux produced by /5 is com-
posed of & mutual flux .. and a leakage flux B,

Fhird, we combine @ and &, into 4 single
mutual flux b, (Fig. 10.5). This mutual fux is cre-
ated by the joint action of the pnimary and sec-
ondary mmfs,

Fourth, se note that the primary leakage fux
Wy s ereated by N1, while the secandary leakage
‘I;I'un_u L'n:a}h:d by Nals. Consequently, leakage ﬂ:u

f 1an panse with J,, and leakao ' (5 1
s ai , cakage flux g, s in

Filth, the voltage £ induced

, in the secondary is
ety composed of two rans: g

I'A"“"‘lﬂfq'd f SO
given bf 2 induced by leakige Nlux D, and

by = 444 v, (10,3)

Not RANSFORM ERS

Figure 10.5
A transformer possesses two leakage fluxes and 3

mutual flux.

2 Avoltage E; induced by mutual flux & apqd
given by
E, =444 N, D, (10.4)

In general, E; 5 and E; are not in phase
Similarly. the voltage £, induced in the primary
1s composed of 1wo parts:

|. Avoltage Ey, induced by leakage flux @, and
given by

Eq =444 N, Dy (10.5)

2. Avoltage E, induced by mutual flux &, and
mven by

Ey =444 N, D, (10.6)
Sixth; induced voltage E, = applied voliage E,.

Using these six basic facts, we now proceed 10
develop the equivalent gireuit of the transformer.

10.3 Primary and secondary
leakage reactance

e o better identify the four induced voltages ;.
E:f Eyy, and B, by rearranging the transformer cir-
L'l,’!n 45 shown in Fig. 10.6; Thus, the secondary
winding is drawn (wice 10 show even more clearl)
that EhE. N3 tums are linked by two fuxes, @, and
O This rearrangement does not chunge the value
of the induced voltages, but it does make each volt
HEC Stand out by jself: Thus, it becomes ¢lear thal
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L‘N-_._...-uu

Figure 10.6
Separating the various induced voltages due to the mutual fiux and the leakage fuxes

¢'m
/ Y | ’/ |
i 1 ad ) | é | -1!: 3 ‘JJ
_:_r:’v\ :

N, N, ; £, |
| l

|
~—— | 4
4]“‘- ideal ransformer T

+
b
e -

e LT]

Figure 10.7
Resistance and leakage reactance of the primary and secandary windings.

E is really a voltage drop across a reactance. This Example 10-2
The secondary winding of @ truns{oTmer pOssesses
Y. = Eull (107 180 turns. When the transformer 1s under load. the
o i g secondary current has an effective value of I8 A, 60
Hz Furthermore. the mutual b, has 4 peak value of
20 mWh. The secondary leakage flux Py has a

secondary leakage reactance Xz 1s given by

The primary winding is also shown twice, to
separate £, from E;. Again, it is clear that Eq is
simply a voltage drop across a reactance. This pri- peak value of 3 mWhb.
mary leakage reactance Xy, 1s given by

Xn = Enll (10.8) Calculate
4. The voltage induced in the secondary winding

The primary and secondary leakage redclances |
P 8 ’ by its Jeakage flux

are shown in Figure 10.7. We have also added the : |
, i . : : » value secondary leakage reactance

primary and secondary winding resisunces R, and b. T_ht vilue of _lh:-‘ ff‘-l ndary 2¢

; ¢ ¢. The value of Es induced by the mutual

Rs, which, of course, act in series with the respec-

' indi x P
Lve windings: flux @,
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a. The effective vollage induced by the secondary

leakage flux 15

En = .1_441?\’:1]‘!'.‘. (11.3)
— .44 % 61 % 180 x 0.003
= 439V

b. The secondary leakage redctance 1s
X = Enlls (10.7)
= [43.9/1%
| = § 1)

¢. The voltoge induced by the mutual flux is

By = 444 Ny, (10.4)
| = 444 % 60 x 180 % 0.02
| =495V

10.4 Equivalent circuit
of a practical transformer

The circuit of Fig. 10.7 is composed of resistive
and inductive elements (Ryy Ry Xp1o X, 2) cou-
pl;d together by a mutwal flux L which links the
primary and secondary windings. The leakage-
free Magnetic coupling enclosed in the dotted
Muare s gewally an idead fransformer. It pos-
seases the same properties and obeys the same
-rulm as the ideal transformer discussed i Ch.apu:r
-J..Fclir exafrlpl_t, We can shift impedances 1o the
:},':*I]Tp:rf‘ :Ld: hgf mu!nplying their values by

1 ¢ did hclun:.

202
-fu
.ri_' = 3 B
——
| -+
x
r
|
=
q
; ideal transformer.
Figure 108 \ant aircult of a practical franslormer. The shaded box T'is an'i
Complete equivalcs
If we add cireuit elements X, and R (o repre.
S“h””}” sent a pl‘ﬂt’.‘[ﬂ'iil core, We obtain [h': L'I._'IFHI‘IJL"[L'- C{-JU!I'\-

alent cireuit of & practical transformer (Fig, g
In this cireuit T is an ideal transformer. but pnly h,
primary and secondary terminals 1-2 and 3-4 are ac-
cessible; all other components are “buried” inside
the transformer itself. However, by appropria
tests we can find the values of all the circuit ele.
ments that make up a practical transformer.

Table 10A shows typical values of R,. R, X,
Xpa. X and R for transformers ranging from [ kVA
o 46 MVA. The nominal primary and secondary
voltages £, and £ range from 460 V to 424 000V
The corresponding primary and secondary currents
Lopand [, range from 0.417 A to 29 000 A

The exciling current £, for the various (rans-
formers is also'shown. It is always much smaller
than the rated primary current i

Note that in each case Baplan: = Enilh = 8
where 8 is the rated power of the transformer.

TABLE 10A ACTUAL TRANSFORMER VALUES

8. kVA | 10) 104) OO0 400000
oo ¥ 24000 2400 12470 69000 13800
By ¥V 460) 347 600 6900 424000
e A 0417 417 80 14.5 29000
I A 217 288 167 145 943

Ry @ 580 5106 116 272 0,000
Ra Q19 0095 0024 025 0354
An 32 4.3 39 151 0028
Xp O LI6 009 009 .5 27

X £ 2000000 20000 150000 505000 460
Ko £1 4000000 51000 220000 432000 317

o A 0013 00952 0101 0210 529

p—

10.5 Construction of a power
transformer

Power transiormers arc usually designed so thar
their characteristics approach those of i
transformer. Thus, (o attain high permeahility.

core is made of wron (Fig. 10.9a) The resultine
magnenzing current /o, is at least SO0 imes
smaller than 1t would be if an air core were used.
Furthermore, ta Keep the iron losses doy n, the core
i5 laminated, and high resistivity, high-gr

LS

ade silycon
steel 15 used. Consequently, the current Iy needed 1o
supply the iron losses is usually 2 10 4 limes smaller
than /...

Leakage reactances X,, and Xz are made as
small as possible by winding the primary and sec-
ondary coils on top of each other, and by spacing
them as closely together as insulation considera-
tions will permit. The coils are carefully insulated
from each other and from the core. Such Light cou-
pling between the coils means that the secondany
voltage at no-load 1s almost exactly equal 1o NJN,
times the primary voltage. It also guarantees epod
voltage regulation when a load 1s connected to the
secondary terminals.

laminated o core

. =
___.;‘
cenl 1
~ core leg
coil 2 V™

/ fin

Hl/ 0 x

Figure 10.9a
Construction of a simple transformer
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Winding resistances R, and R are kepi low, both
10 reducs the IR loss anl [cguhmg heat and 10 ensure
hugh efficiency Figure 1092553 simplified version of
= POWET trunsiormer in which the prnmary and sec-
ondary are wound on one leg. In practice, the primary
and secondary cails are distributed aver both core
legs in order to reduce the amoant of copper. For the
SANE reason, an larger transforme s the cross SECfion
of the laminated iron core is not square (as shown) but
15 bt up so 35 1o be nearly round. (See Fig. 12_10a).
Figure 10.9b shows how the laminations of a
small transformer are stacked to buiid up the core
Figure 10.9¢ shows the pnmary winding of a much
bigger transformer
The number of wms on the primary and sec-
ondary windings depends cpon their respective
voltages. A high-voltage winding has far more tums
than a low-voltage winding. On the other hand. the
cument in a HV winding is much smaller, enabling
us 1o use a smaller size conductor; As a result. the
amount of copper i the pnmary and secondary
windings is about the same. In practice, the outer
coil (coil 2, 1n Fig. 109a) weighs mare becavse the
length per turn 1s greater. Aluminum OF COpper con-
ductors ure used.

.
-

Figure 10.9b -
Stacking laminations inside a cotl.
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Figure 10.9¢c

Primary winding of a farge transformer; rating 128 KV,
290 A

(Courtesy ABB,

A transtormer 15 neversible in the sense that ei-
ther wanding un he used as the primary winding,
where primary means the winding that is conpected
10 the source.

10.6 Standard terminal markings

We aw in Section 9.4 thar (he polarity of & trans-
former can be shown by mezris of dots on the primery
and secondary terminals. This 1ype ol marking 15 used
Hik Instrument transformens. On power transf TIMErs
however, the tesminals e designated by the 5;.1nhul-:
Hy and H, for the figh-voluge (HV) winding and b :
X, and X fur the Jow-volage (V) winding. B cf:ﬁ)
venton, M, and X, haye the same polar| i
Although the polarity is known #
bolk H,, H,, Xy and X
POWET translormers it is

when the sym-
2 e given, in the case of

T CUMmon practice to maun
unals om the iranslonmer tank N 4 stan

dard way so th
e v.:.;y :n thit the transformer has either addiriye
vt aritv A '
uhtrag ve polanty, A ransformer is said 1o haye

TRANSF (IRMEES

scide tive polanty
o, *@

oH. X ®

Figure 10.10
Addiuve and sublractive polanty depend ot
cation of the H,-X, lerminals.

additive polanity when terminal H, | diagonal
opposite terminal X,. Similarly, a trmu?-arrr.-h;r?r-._.
subtractive polanty when terminal H, is adiacpr .
terminal X, (Fig. 10.10). If we know that 3 s,
transformer has additive (or subtractive polarit
we do not have to identify the terminals by sy,

Sublractive polanty 1s standard for -:: !_ '~:n;.|.-_-
phase transformers above 200 kVA. provided (k.
high-voltage winding 15 rated above 866() \ j‘
other transformers have additive polariy

10.7 Polarity tests

1o determune whether a transformer possesses ad
ditive or subtractive polarity, we proceed as follows
(Fig. 10.11}):

I. Connect the high-voltage winding 10 a low-
voltage (say 120V) ac source £,

- Connect a jumper J between any two adjacen)
HV and LV terminals,

. Connecta voltmeter £, between the other two
adjacent HV and LV terminals.

|
E,
C \ f—f’j

Determining the polarity af a transformer using an ac
source,

Figure 10.11

4. Connect another voltmeter £ aorr
winding. If E, gives a higher readine o
polanity is additive. This tells us that
are diagonally opposite. On the othe
gves a lower reading than E_ the n

tractive, and tevminals H, and X, are » :

[n this polanty text, jumper J effectively o
the secondary voltage £, in series with the
voltage £ Consequently, E, either add; 10 4
racts from £ Inotherwords, E. = F « F 4
E, — E,, depending on the polarity e o
how the terms additive and subtractive originated

In making the polanty test, an rur-.lm_;.:ﬂ, 1 24) \,
60 Hz source can be connected (o the HV windine
even though its nominal voltage may be several
hundred kilovolts. :

Example 10-3
Durning a polanty test on a 500 kVA. 69 kV/600 V
transformer (Fig. 10.11), the following readines
wercoblained: E, = 118 V. E =119V Dcwnmr'ac
the polanty markings of the terminals

Solution

The polarnity is additive because E, is greater than
E,,. Consequently, the HV and LV terminals con-
nected by the jumper must respectively be labelled
H, and X, (or H, and X, ).

Figure 10.12 shows another circuil that may be
used ta determine the polanty of a transtormer. A dec
source, in series with an open switch, 15 connected
1o the LV winding of the transformer. The trans-
former terminal connected to the positive side of the
source is marked X,. A dc voltmeter 15 connected
across the HV terminals. When the swilch is closed.
a voltage 1s momentarily induced in the HV wind-

@ % y

«V
o o

Lv

.@

Figure 10.12
Determining the polarity of a lransformier using a e
source.
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ihe poaneer of e volimieter
-« I ITEnsorier ‘.:Tﬁ:}.‘"-_-] conmecied
 I2nminsl of the itrmeter 13 marked H,

NG the other s marked f.‘l_
10.8 Transformer taps

Dhse 1oy voltage drops in transmisss

n lines, the volt-

=2€ 1IN a ?;F-i_*.,‘.i..-f reen of = disirisunon Syslem

My consitenily be lower than normal. Thes, 2 dis-

trnibution transformer bas mg a ratio of 240 V/120 V

: ' transmirssion fine where the

ever mgher than 24NN V. Under these con-

he 'uﬁlf__.':.;_;: aToss the ..—_w:;."_._h_r‘, 5 corsiier-

ably less than 120 V. Incandescont lamps are dim.

ciectinge stovy ger tn cook food, and electnic
motors may stall under moderats overloads,

To cormrect this problem faps are provided on the
primary windings of distribution transformers (Fe
10.13). Taps enable us to change the wms ratio o
as to raise the secondary voliage by 4.9, or 13V,
percent. We can therefore maintyin a sansfactory
secondary volizge, even thoush the pnmary voltase
may be 47/, 9, or |3 percent below nommal. Thus,
refeming Lo the transformer of Fig. 10,13, if the line
voltage 1s only 2076 V finstead of 2300 V), we
would use terminal | and tap 3 to obtan 120 V on
the secondary side

Some transformers are designed o change the
laps automancally w henever the secondary voltage
15 above or below a preset level. Such rap-chang-
ing transformers help maintain the secondary volt-
age within =2 percent of its raied value throughout

the di_i}

==

4 o
5

ETU g

Figure 10.13
Distribution transformer with 3ps al 2400V, 2292V,

2184 V, and 2076 V
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10.9 Losses and transformer rating

.b » .:‘
Like any electrical machine, 4 transformer ha

lasses. They are composed of the following:

1. PR 1osses in the windings

Hysteresis and eddy-current losse

1 Siray losses due to currents induced in the tank

| and metal supports by the primary and sec-
ondary leakage fluxes

s 1n the core

b

The losses appedr in the form of heat and F'“.'-"
duce 1) un increase in temperature and 2) drop in
efficiency. Under normal operating conditions, the
L‘fﬁCitllc;' of transformers is very high: it may reach
99.5 pfn;ﬂﬁl for large power transformers.

The heat produced by the iron losses dt:p@d.ﬁ
upon the peak value of the mutual flux .. whu‘;h
in turn depends upon the applied voltage. On the
other hand. the heat dissipated in the windings de-
pends upon the current they carmy. Consequently,
to keep the transformer temperature at an accept-
able Tevel. we must set limits to both the apphed
voltage and the current drawn by the load, These
two limits determine the nominal voltage E, and
op OF the transformer winding
(primary or secondary).

The power raning of atransformer is equal'to the
product of the nominal voltage times the nominal
current of the pamary or secondary winding.
However, the result s not expressed 1n watls, be-
cause the phase angle between the voltage und cur-
rent may have any value at all. depending on the na-
ture of the load. Consequently, the power-handling
capacity of a transformer is expressed in voltam-
peres (VA), in k1|m'nll;|mmrﬁ (KVA1 or in megi-
"-'U“IH.I]P:I::\ (MVA), depending on the size of the

transtormer. The emperature rise of 4 transformer
15 direetly related 1o he apprarent power that Nows
'h.r;:ughv““ This medns that 2 500 kVA tmmfnrmr:.r

The rated kVA. frequency.

Ways shown on '

nominagl current |

und vollage are al-
the nameplate.

In large transf
ers the comesnanding - £¢ transform-
FOITEsponding rated currents are also shown

Example 104" ——————— SR
The nameplate of a distribution transformer indjggye.

350 KVA, 60 Hz, primary 4160V, secandary 450 y

4. Calculate the nominal primary and Secondypy

currenis. |
b, 1f we ;]r_:ph' 2000 V to the 4160 V Primdry, can
. we still draw 250 KVA from the transformer)

Salution : .
4 Nominal current of the 4160 V winding is

pominal § 8, 250 X 1000

—= - _-. — h” \
fop nominal £ o 4160
Nominal current of the 480 V winding is
In: 250 X 1000
[ = nmgmg! S _ S, _ ] _ sk
- pomind E, E, 480

b, 1f we apply 2000 V to the primary, the flux and
the iron losses will be lower than normal and
the core will be cooler. However, the load cur-
rent should not exceed its nominal value, other-
wise the windings will overheat. Consequently,
the maximum power output using this far lower
voltage 15

§=2000V X 60 A = 120 kVA

10.10 No-load saturation curve

Let us gradually increase the voltage £ on the pn-
mary ol a transformer, with the secondary open-cir-
cuited. As the voltage rises, the mutual flux & in-
creases in direct proportion, in accordance with Eg,
9.2, Exciting current /, will therefore increase but.
when the iron begins to saturate, the magnelizing
current /i, has 1o increase very steeply to produce
the required flux. If we draw a graph of £, versus
(5o we see the dramatic increase in current as we
pass the normal operating point (Fig. 10:13)
Transformers are usually designed to operate atd
peak flux density of about 1.5 T, which corresponds
toughly to the knee of the saturation curve. Thus
when nominal VUI[HgE 5 £i|.‘lp|i1;‘d (o a l[il"-“nh'jl-l'”l'lr-
the corresponding flux density is about 1.5 T W¢
can exceed the nominal ‘-’illlilg't‘. by purhupw | () per
cent, but if we were 10 apply twice the nominal

I
|
|

y ~~ /i~ —t normal aperating point '

nominal current—i .

kV _—_::j___ l ]
20 - |;:1
=
j

i B R - e . o

05 1 2 Kl a -

— extiting current /,,

B A

Figure 10.14

No-load saturation curve of a 167 kVA. 14 4 kV/4BO V.
60 Hz transformer.

voltage, the exciting current could become even
greater than the nominal full-load current.

The nonlinear relationship between E,and I,
Shows that the exciting branch (composed of R, and
X in Fig. 10.1a) is not as constant as it appears. In
effect, although R, is reasonably constant, X, de-
creases rapidly with increasing saturation. However,
most transformers operate at close to rated voltage,
and so R and X, remain essentially constant.

10.11 Cooling methods

To prevent rapid deterioration of the insulating ma-
terials inside a transformer, adequate cooling of the
windings and core must be provided.

Indoor transformers below 200 kVA can be di-
rectly cooled by the natural flow of the surrounding
dir. The metallic housing is fitted with ventilating
louvres so that convection currents may tlow over
the windings and around the core (Fig. 10.15).
Larger transformers can be built the same way, but
forced circulation of clean air must be provided.
Such dry-rype transformers are used inside build-
Ings, away from hostile atmospheres.
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Figure 10.15

Single-phase dry-type transformer, type AA. rated at
15 kVA, 600 V/240 V, 60 Hz, insulation class 150°C for
indoor use. Height: 600 mm; width: 434 mm: depth:
230 mm; weight: 79.5 kg.

( Courtesy of Hammond)

Distnibution transformers below 200 KVA are
usually immersed in mineral oil and enclosed in a
steel tank. Onl cames the heat away to the tank.
where it 15 dissipated by radiation and convection 1o
the outside air (Fig. 10.16). Oil 1s a much better in-
sulator than air is; consequently. it is invanably
used on high-voltage transformers.

As the power rating increases, external radiators
are added to increase the cooling surface of the oil-
filled tank (Fig. 10.17). Oil circulates around the
transformer windings and moves through the radia-
tors, where the heat is again released to surrounding
air. For sull higher ratings, cooling fans blow air
over the radiators (Fig. 10.18).

For transformers in the megawatt range, coaling
may be effected by an oil-water heat exchanger. Hot

oil drawn from the transfonmer tank 1s pumped to a
heat exchanger where it flows through pipes that are
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Figure 10.16

Two single-phase transformers, type OA, rated_?s |
KVA, 14 4 kV/240 V. 60 Hz. 55°C lemperatura rise, im-
pedance 4.2%, The small radiators at the side in-

c

reasa the effective cooling area.

in contact with cool water. Such a hea exchanger is

\

ery effective, but also very costly, because the water

iself has to be continuously conled and recirculated.

Some big transformers are designed to haye 2

multiple rating. depending on the method of cooling

u
I

sed. Thus, a transformer May have a triple rating of
S 00024 000432 000 K VA depending on whether it

15 cooled

l.

| ]

L]

put from a transforme
(Fig. 10.19),

by the natural circulation of air (AO) (18 000
KVA) or

- by forced-air cooling with fans (FA) (24 000
KVA) or

by the forced creulation of oil decompanied by
forced-air cooling (FOA) (32 000 kVA ) -

SYstems are nevertheless
Y enable s much bigger oyt-
Fofa given size and' wejgh

\NF RS
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Figure 10.17

Three-phase, type OA grounding transformer. rated
1900 kVA, 26.4 kV, B0 Hz. The power of this trans-
former is 25 times greater than that of the transform-
ers snown in Fig, 10.16, but it is still self-cooled Note
nowever, that the radiators Occupy as much room as
the transformer itsglf,

The type of transformer caoling is designated by
the following symbols:

AA-dry-type, self-cooled
AFA—dr},'-[:.-pc, foreed-air cooled
OA—oil-immersed. self-cooled
UA;‘F&-{::iI—immerhud self-cooled/forced-
dir cooled
A(’JIEMF{J:X--M!-jmmr:r.x.cd. self-cooled/forced:-
dir cooled/forced-air, forced-oil
cooled
The €mperature rise by resistance of oil-immersed
transformers s ejther 55”[‘ Or 65°C. The temper

Figure 10.18

Three-phase, type FOA. transformer rated 1300 MVA,
24.5 kV/345 kV, 60 Hz 65°C lemperature rise, imped-
ance: 11.5%. This step-up transformer installed at g
nuciear power generaling station, is one of the largest
units ever built. The forced-oil circulating pumps can
be seen just below the cooling fans.

(Courtesy of Westinghouse)

ture must be kept low to preserve the quality of the
oil. By contrast. the lemperature rise of a dry-type
transformer may be as high as 180°C. depending on
the type of insulation used.

10.12 Simplifying the equivalent
circuit

The complete equivalent circuit of the transformer
a5 shown in Fig, 10.8 gives far more detail than is
needed in most practical problems. Consequently,
let us (ry to simplify the circuit when the trans-
lormer operates 1) at no-load and 2) at full-load.

[, At no-load (Fig. 10.20) /5 is zero and so'is /,
because T is an ideal transformer. Consequently,
only the exciting current /, flows in &, and X;;.
These impedances are so small that the valtage
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Figure 10.19
Three-phase, type OA/FAFOA transfarmer rated
J6/48/60 MVA. 225 KVI26.4 kV. 80 Hz. impedance
7.4%. The circular tank enables the oil to expand as
the temperature nses and reguces the surface of the
ol in contact with air. Other delails

weight of core and coils: 37.7 1

weight of tank and accessones: 2851

weight of coil (44.8 m¥): 3821

Total weight- 104.5

4y Xrs  R:
i N D
Rm [T &
: |
E_i."f. t
Ny N,

Figure 10.20
Complete equivalent circuit of a transiormer al no-load.

drop across them is neglizible. Furthermore. the
current in K> and X 1s zero. We can, therefore.
neglect these four umpedances. giving us the
much simpler circuit of Fig. 10,21, The twms ra-
o, a = Ny/Ns, 1s obviously equal to the ratio of
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the primary to secondary volages EJE, med-
sured aoross the terminals. J
At full-load 1, 1s at leas! 20 nmes iurg;:l: lf::i.—.
Consequently, we can neglect /, ami‘l. L! t:..n.ﬂ X,
sponding magnetizing branch. ThL resul ey
edit is shown in Fig: 10.22, This Sngillle C =
cuit may be used even when the load s finfy
mmcn!.nf the rated capacity of the H‘ﬂﬂslﬂﬂ‘fifl’-
We can further simplify the circuit by zihﬂ_':-
ing everything to the primary side, ths elimi-
na}ing transformer T (Fig. 10.23). Tlus_ tech-
nique was explained in Section 9.10. Theln. Fry
summing the respective resistances and reac-
tances, we obtain the circuit of Fig. 10.24. In
this circuil

fut

X, =X +aXp (10.10)
where

R,, = (otal transformer resistance referred 1o the
primary side

X, = lotal transformer leakage reactance referred
[0 the primary side

]
Ll & E
2:1 } _l
H| ”:
Flgure 10.21
Simplified circyit a1 no-lpad,
R, Xy Arl: R
- / H
il ! £ |2
> w1
Figure 10,22
mplified equj reui
EQuivalent circut of 5 ranslormer at full-load.

ND TRANSFOR MERS

Figure 10.23 . :
Equivalent ircuit with impedances shifted 1o the pri.

mary side.

Figure 10.24
The internal impedance of a large transformer js
mainly reactive.

The combination of K, and X, constitutes the (o-
tal transformer impedance Z, referred to the pri-
mary side. From Eq. 2.12 we have

Zi= \-"R;, = X;, (10.11)

Impedance Z,, 15 one of the important paramelers of
the transformer. It produces an internal v oltage drop
when the transformer is loaded. Consequently, Z,
affects the yoltage regulation of the transformer,

Transformers above S00'kVA possess a leakage
redctance X, that is at least five times greater than
R In such transformers we can neglect R, as far
as voltages and currents are concerned.® The
equivalent cireuit is thus reduced [0 a simple reac-
tance X between the source and the load (Fig.
10.25); It js quite remarkable that the relativel)
€omplex circuit of Fig. 10.8 can be reduced 04
simple reactance in series with the load.

From the standpoing of (e

mperature rise and efMciency, Ay
&0 never be neglected,

Figure 10.25
The internal impedance of g jar

| ge lransformer is
mainly reactive.

10.13 Voltage regulation

An important attribute of 4 trdansformer s jis voll-
age regulation. With the Primary impressed voltage
held constant at its rated value, the vo

ltage regula-
tion, in percent, is defined by the

equation:

: B
voltage regulation = ——— (10:12)

where

Exi. = secondary Voltage at no-load [V

£y = secondary voltage at full-load [V]

The voltage regulation depends upon the power
factor of the load. Consequently, the power factor
must be specified. If the load is capacituye. the no-
load voltage may exceed the full-load' voltage, in
which case the voltage regulation is negative.
Example 10-5
A single-phase transformer rated at 3000 kVA, 69
KV/4.16 KV, 60 Hz has a total internal impedance Z,
of 127.0), referred ro the primary side.

Caleulate

a. The rated primary and secondary currents

b The voltage regulation from no-load to full-
load for a 2000 kW resistive load, Knowing
that the primary supply voltage is fixed at
by kV

¢. The primary and secondary currents if the see-

ondary is aceidentally short-circuited.

FRACTICAL TRA NSFORMERS 211

Solurion

4. Rated Primary eurrent

I = ﬁ,,f‘E,m = 3000 000/69 (00 = 135 A
Rated secondary current
s = SE., = 3000 0004160 = 73] A

b. Because the ransiormer exc
windings have ne
their leakaoe

ceds SO0 kVA. the
gligible resistance com pared to
reaclance; we can therefore write

4 =Xy = 1270

i
Referring 1o Fig, 10264 the approximate imped-
4nce of the 2000 kW load on the secondary side is
Z=EZIP = 4160°72 000 000
= 8.650)
Load impedance referred (0 primary side:

a'Z = (69/4.16)" x 8.65 = 2380 ()
Referming to Fig. 10.26b we have
l, = 69000V 1277 + 2380
= 2895 A
aE, = (a°Z) J, = 2380 x 28.95
= 68 902 V

E.=68902 x (4.16/69) = 4154 V

Because the pnmary voltage is held constant at 69 KV,
it follows that the secondary voltage at no-load is
+160 V

69 kV

Figure 10.26a
See Example 10-7.
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Voltage regulanion is:

S En % 100 (10,12)
voltage regulation = £
4160 — 4134
BT
= [ 14%

(M)

The voltage regularion 1s cxctht: : =1
¢. Referring again to Fig. 10.26b, if the secondary
is accidentally shori-circuited, af, = () and so
— v = RO 37
I, = EJX, = 69 0IVIZ7
= 543 A
The comresponding current /, on the secondary
side:
I, = al, = (69/4.16) % 543
= UG A

Xp=127100

Figure 10.26b
See Example 10-7

The shont-circuit currents in both the primary and
secondary windings are 12.5 times greater than the
rated values. The /°R losses are, therefore, 12,57
156 imes greater than normal The circuit-break
or fuse protecling
diately 10

or
Er
the transformer must Open imme-
Prevent overhedting. Very powerful eluc-
lrmnygnﬂir forces are lso set up. They, (60, are
_I 36 times greater than tormal and, unless the wind-
ings-are firmly braced and supported, they may be
diamaged or (om apart, o

10.14 Measuring transformer
impedances

MACHINES ANO TRA NSFORMERS

Figure 10.27 :
Open-circuit test and determination of B, X. anq

turns ratio.

and 10.24 by means of an open-circuit «and 4 shon-

cireuit test.
During the open-circuit test, rated voltage

sured. These test results give us the followine
formation;
active power absorbed by core = P

apparent power absorbed by core = 5. = £

~im “no

reactive power absorbed by core = -

/o2 p2
where/ O = VS: — p2
Resistance R, corresponding to the core loss is

R, =E]IP. (10.1)

Magnelizing reactance X 18

Xin= 'p:me (10.2)

Turns ratio g is

a=N\IN,=EJE,

purjrlg the short-circuir test. the secondary winding
I8 short-Circuited and « Voltage £, much lower than
normal (usually less than pcn:erlj[ of rated yoltage)
IS apphied to the primary (Fig. 10.28). The primary
CHITENU I should be less than its nominal value t
prevent uvcrhe:uing and, particularly, to prevent @

m'?’d change in Winding resistance while the fest is
being made.

18 dp-
plied to the pnimary winding and current /., voliage
£, andactive power P, are measured (Fig. 10.27)
The seeondary open-circuit voltage £_ is also mes.

= - il

In-

The "'-'L‘l“;.lgf -E.,_ curment -"',_- and power
measured on the primary side (Fio
following calculations made: .

Total transformer imped
mary side is

ire
:
10.28) and the

dNee reierred 1o the pri-

£ =EJI. (10.13)
Total transtormer resistance referred o (he Primary
side 15 :
R, =P ITI.° (10.14)

Total transformer leakage reactance re

ferred to the
primary side is

X =NZ— R? (10.11)

Example 1()-6
During a short-circuit test on a transformer rated
S00KVA, 69 kV/4.16 kV. 60 Hz. the tollowing volt-
age, current, and power measurements were made.
Terminals X, X5 were in short-circuit
10.28):

sec Fig.

E. = 2600V
. =4A

LY

P.. = 2400 W

|

Calculate the value of the reactance and resistince
of the transformer, referred 1o the HV side.

Salution
Referring to the equivalent circuit of the trans-

former under short-circuit conditions (Fig. 10.29).
we find the following values:

Figure 10.28
Shorl-circuit lest to determine leakage reaclance and

winding resistance.
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Transtormer impedance referred 1o the primary is

£, = E_JI. = 2600/4
= h5() 1]

Resistance referred 1o the primary js

R =PI~ = 2400116
= 150 {1

Leakage reactance referred to the primary is

J‘l‘r - ‘Ia &l_ﬁ‘]T __IE

= 632 1)
R. ¥,
M
f’: =4 A
2600 V
Figure 10.29

See Example 10-6.

Example 10-7
AN open=circuit test was conducted on the trans-
former given in Example 10-6. The following re-
sults were obhtained when the low-valtage winding
was excited. (In some cases, such as in a repair
shop, a 69 kV voltage may not be available and the
open-circuit test has to be done by exeiting the LV
winding at its rated voltage,)

E.= 4160V

[,=2A P =5000W

Using this information and the transformer char-
actenistics found in Example 10-6, calculate;
a. the values of X, and R, on the pnmary side
(Fig. 10.21)
b. the efficiency of the transformer when it Sup-

plies a load of 250 KVA, whose power [actor 1s
80 % (lagging).

Solunon :
a. Applying Eq. 10.1 to the secondary side:
R =EJIE,
= 416075000 = 3461 O
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The apparent powet 8. 18

o = E ;= 4160 2 =8320VA

0.=VS: — Fa
—\ ﬁ;:ﬂi'--_ﬁi'nf;f — 630 1

XN = E-IO,,
_ 4160716630 = 2602 ()

the primary sude

The values of R, und \,. ruft-treq bl
will he (69 DOOAI6U = 375 times grealek

valaes on the primar side

are theretore:

« 107 Q)= 715 KL

L]
.J|

y =275 x 26020 =713
R = 275 % 3401 0 952 ¥ [(F £ = 952 kil

e

||

Lt
L

These are the values thit would have been {ound if
the primary had been excited at 69 KV,

b. Industnal Toads and voltages fluctuate all the
load 1s 250 kKVA.

time. Thus. whenwe stile that a
with cos § = 0.8, 115 understaod that the load
-« abant 250 KVA and that the power factoris
ihout 0.8, Furthermore, the primary voltage 1s
ahout 69 kN,

! Consequently. in calculating efficiency, there 15
o point M Armiving al a precise mathematical an-
swer. even if we were able to give it. Knowing this.
we can make cerndin gssumptions that make it much
easier o amive at asolution.

The equivalent circuit of the transformer and its
load is represented by Fig. 10,30, The values of K,
and X, are aiready known, and so we only have to
I add the magnetizing branch. To simplify the calcu-
lations, we shifted X and K from points 3, 4 wo the
input terminals 1. L This change is justified be-

R, X
7 1500 B3ZMl 3 Is=60 A
D —
1= 5
Xom R 1.6z A idea! 250 kVA,
5000 W B9 kV | trans | 4150 doxt
loemer =08
o — l 6
2 ¢
Figure 10,30
See Exampls 10-7,

RMERS

cause these impedances are Much greater thay y

and R, Let us assu

me that the \‘Hilngu dCross th
4160 V. We now calculate the efficieney of

load
(he transformer.

The load current 15
fo==Nfls= 250 OO4 160

= A
The turns ratio 1s
a= 69 kV/4160 V = 16.59

The current on the pnmary side 1s:

[, = I[sfa= a/1659 = 3.62 A
The total copper loss (primary and secondary} is
— "R, = 3.62° X 150
= 1966 W

Poopper

The iron 1oss is the same as that measured at
rated valtage on the LV side of the transformer.

P =5000W

Total lpsses are
Piowes = 000 + 1966
= 6966 W = 7 kW
The active power delivered by the transformer
(o the load 15
P.= ScosB =250 X (.8
= 200 kW
The active power received by the transformer is
P.=P, # Pie =200 +7
= 207 kW
The efficiency is therefore
M= PP = 200/207
= 0966 or Y6.6%

.‘*f‘ulc that in making the ealculations, we only cor
sider the active power. The reactive power of Lhe
transformer and its load does not enter into effi
ciency caleulations.

10.15 Introducing the per-unit
method

Per-unit notation is often encountered when dealine
with rransformers and other electrical machines Thz‘
reason 1s that per-unit values give us a feel for the
relanive magnitudes of impedances, voltages, cur-
rents and powers. Thus, instead of dealing with
ohms. amperes, volts and Kilowatts, we _hln'upi:. work
with numbers. Consequently, we don’t have o CATTY
along units when per-unit values are used. '

The per-unit method as applied to transformers
s easy to understand. However, readers who are not
yet familiar with per-unit calculations will find it
useful to read Sections 1.9 to 1.11 in Chapter | be-
fore proceeding further.

Let us begin by looking at Table 10A which 15 re-
produced here for convenience. It displays the ac-
tual values of Ry, Rs. Xy, Xp. X, and R, of hve
transformers ranging from 1 KVA 1o 400 MVA. In
scanning through the table, we see that the imped-
ances vary from 505 000 {2 to 0.0003 {1, a range in
excess of a billion to one. Furthermore, there 15 no
recognizable pattern to the values: they are all over
the map. The reason is that the various voltages.
currents and impedances are expressed in actual
values using volts, amperes and ohms,

TABLE 10A ACTUAL TRANSFORMER VALUES

S, kVA ] 10 100 1000 400000
E \ 24(6) 2400 12470 69000 13800
E vV 460) 347 LY GO00 4240000

I, A 0417 497 802 145 29000
I A 217 288 167 145 243
R, L 58.0 5.16 116 272 00003
R () 1.9 0005 0024 .25 0354
Xn & 32 43 39 151 0028
X 12 LI6 009 009 1.5 27
X. £ 200000 29000 150000 05000 460
R. € 400000 51006 220000 432000 317
l, A 00133 00952 0101 0210 52.9
Instead of expressing Ry, R, Xi1s Xp. Xjpand R,

in ohms, we could express them relative to another
ohmic value, The question is: what value should we
choose as a basis of comparison?
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The best approach is to employ the nominal load
(voltage and current) of the transformer. We can
calculate its ohmic value and use it as a reference.

, For example. in the case of the 10 kVA trans-
tormer listed in Table 10A, the nominal load im-
pedance on the secondary side is
) E 347V
L. =—=—=12010)
[ 28.8 A
Using this ochmic value as a reference. the relarive
value of the secondary resistance R, is
(1L095 £}

H'II Ellb —
P =T oan

= 0.0074

Similarly, the nominal load impedance on the pn-
mary side is:
E_ 2400V .
= = = 576102
' I 417 A
Using this load impedance as a reference, the rela-
rive value of the pnmary resistance K 1s

E

=

161}
e =560

The relative values R{pu) and R,(pu) are pure
numbers because they are the ratio of two quantities
that bear the same umit.

Circuit elements on the pnmary side are always
compared with the nominal load impedance Z.p 0N
the pimary side. Similarly, circuit elements on the
secondary side are compared with the nominal load
impedance Z,,, on the secondary side.

Proceeding in this way for the other impedances
of the 10 kVA transformer, we obtain the relative
values X, (pu). R (pu), etc. displayed in Table 10B.

The relative impedances of the other transformers
are calculated the same way. In each case, the respec-
tive nominal load impedances Z,, and Z,, are chosen
a< the reference impedances. Using the rated voltage
and power of the transformier. they are given by:

E o .’5rII

Z =-®=—"_= (10.15a)
I, SJEn S
E: _
7 - En _ Es _ = (015h)
‘ r‘.‘n S!'.f'Eiu bﬂ
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' T (T
al wvinlues of Ry Rz Ari
il designated by the
quantities

In praciice, (he rel :
are colled persuai values ind @re

- Ra(pu), Xy (pu. ele. The |
e = [:d base quunires. Thus.

Serences are calle | -
Sty listedtin Table 108-are

2“1[" z_:.“ ."il".. E""r" "-.-ln'l JI"—D" ffl"

A1l base quaniiines
1 examining Table 10
for & given transfonmer,

I3 the reader will note thal
the values of R ipul and

Ratpu) are nearly (he same. Gimilarly, the values Ol
: : . same. This pat-
¥, (pu) and Xpfpul arc nearly the same. 1hix]

tern of similarity does not show up in Tuble | 1A

FER UNIT TRANSFORMER VALUES

TABLE 10B -
¢ KVA I i T 1] (M) SN
. 3300 2400, 12470 (65000 13800
F i\ AW 47 N N 424”‘.]
Jrl A D417 8107 x02 145  2HAR)
". A 217 AR 167 |45 g43
2 ) 50 576 1555 4761 (4761
7 0 26 1200 A0 476) 4494

Riipuy -~ G001 QRN NO075 00057 (LK
K- ipu} O 00079 00067 06053 00079

X, (pl) - DO056 00075 D051 0037 DASSS

X (pup - (0055 00075 00250 00315 00601

X, () - 147 303 065 [ (¥ UHth

N lpu) - (b KN 3 i41.5 Ui 7 fHibhy

{, ipu) 003 0023 3 0a0is  DOors

There 18 even o similarty between the per-unit
yalues of transformers whose mungs are quite dif-
ferent. For example, the 8 (pu) of the 1 KVA trans-
former (00101 18 of the same order of magnitude
a5 the Ky pu) of the 1000 KVA transformer (0.0057)
despite the (it that the fatter is 1000 times more
powerdul and'the voltages sre vastly different.
Lllﬂill"}'. the 1‘-4:r-unit methidd offers inqigh[_-., t];;”
would I-'IlI'lL'J""l-'-I‘-L' ol he evident

10.16 Impedance of a transformer

The ol internal umpedance Z of o transformer
wis defied in Section 10,12 :.‘:Ht! highliglhmd In
Fie. 1024, In power and distribution transformer
;[; value 14 dlﬁil}"- indicated on the h
|u::::;ﬂ.-"ah t;xpr:.-w:d a8 g percent of the nomingl

Ipedance. Thus, if the nameplate 15 marked

3.6 %, the per unit vl ue of 2,15 0036,

nameplale,
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Example 1 0.6——- A
A ransformer rated 250 kVA 4160 V480 V, 60 i,

ympedant | %. Calculate
s an impedance of 5, ¢ @

| the base impedance on the primary and sec-
L 2 L +

ondary side : ..
h. the total internal impedance ,s‘.'P of the trans.

former referred 10 the primury side

Solution .
Base impedance on the primary side 15

T =EslS, = 4160°/250 000
= (Y (1

d.

Base impedance on the seconddry side i
7, = E1S, = 4807250 000
=().92 {}
b, The actual value of Z; on the primary side is,

Z,=5. G X Z,, = 0,051 X 69 () = 3,52 ()

10.17 Typical per-unit impedances

We have seen that we can get a better 1dea of the rel-
ative magnitude of the winding resistance, leakage re-
actance, elc., of a transformer by companing these im-
pedances with the base impedance of the transformer.
In making the comparison, circuit elements located
on the pnmury side are compared with the primary
base impedance. Similarly, circuit elements on the
secandary side are compared with the secondary base
impedance. The comparison can be made either ona
percentage or on a per-unit basis; we shall use the -
ter. Typical per-unit values are listed in Table 10C for
transformers ranging from 3 kVA to 100 MVA. For
example, the table shows that the per-unit resistance
of the primary winding of a transformer ranges from
D009 10 0.002 for all power ratings between 3 kVA
and 100'MVA, Over this tremendous power range.
the per-unit resistance R, of the primary or secondary
windings varies only from 0.009 10 0.002 of the bise
impedance of the transformer. Knowing the base inv
pedance of either the primary or the secondary wind
Ing, We cun readily estimate the order of magnitude of
the real values of the transformer impedances. Tablé
W 35, therefore, a useful source of information.

———

TABLE10C  TYPICAL PER-UNIT VALUES OF TRANSEORMERS
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Figure 10.31

M

Equivalent circunt of a transformer

Typrcal per-unit value

Circuit element (see Fig. 1031

AEVA LI 2SO VA

| MivALe 10O MVA

0.005-0.002

R, or R, 0.008-0),06035

Xpp Or Xjn 0.008-0.025 0.03-0.06
o =30 SO-20X)
R. 20-50) 1005640
l, 0.05-0.03 0.02-0 D05

Example 10-9
Using the information given in Table 10C, calculate
the approximate real values of the impedances of
250 kVA, 4160 V/480 V, 60 Hz distnbution trans-

former.

Solutian
We first determine the base impedances on the pri-
mary and secondary side. From the results of
Example 10-8, we have

Zyp = 06941

Z.. =092}

We now caleulate the real impedances by multi-
plying Z., and' Z,, by the per-unit values given an
Table 10C. This yields the following results:

R, = 0005 x 69 = 0351l
R, = 0.005 % 0921 = 4.6 mil
X = 0,025 % 694 = 1741
X = 0,025 x 092 ) = 23 mi?
X. =30 % 69 = 2070 {} = 2kl

K 50 % 69 ) = 345082 = 3.5 kil

Amil 46mil

a

4160 _
480

Figure 10.32
See Example 10-9

This example shows the usefulness of the per-
unit method of estimating impedances. The equiv-
alent circuit of the 250 KVA transformer 1s shown
in Fig. 10.32. The true values may be 2010 30 per-
cent hhlghu:r or lower than those shown in the fig-
ure. The reason is that the per-unit values given in
Tahle 10C are broad estimates covenng a wide
range of transformers.

Example 10.10
The SO0 KVA, 69 KVMEI60 V. 6l Hz wansformer

shown in Fig. 10.30 has a resistance R, of 150 ()
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(632 fsing the pers
and a leakage reactance X, 01 632 (). Using

unit method, calculate:
jon when the load vanes he-

I - S s u]ﬂ{ .
a the vollage reg S

iween zero and 250 kVA ata Jagging powe
of B0%

b. the acty
¢ the detuitl ling current /.

al voltage across the 230 kVA load

Solution , |
In examining Fig. 10,30, itis clear that the pres-

ence of the magnetizing branch does not affect the
voltage drop across R, and X, Conseguently, the
magnetizing branch does nol affect the vollage

regulation. :
To determine the voltsge regulition. we will re-
fer all voltages, impedances, and cumrents (o the
HV (69 kV) side. We assume the vollage berween
terminals 1, 2 s 69 KV, and that it remains fixed:

The base power Py, is 300 KVA
The base valtage Eg is 69 kV
Cansequently, the base current 15

Iy = PglEg = 500 000V6Y9 000

=T725A
and the base impedance s
Zy = Eylly = 69 O00/7.25 = 9517 ()

The per-umt value of K, 1s

K.(pu) = I150/9517 = 0.0158
The per-unit value of X, 15

Xplpu) = 6329517 = 0.0664
The per-unil value of voltage Eisis

Ea(pu) = 69 000/69 KV = 1.0

The per-umtvalue of the dpparen power absorbed
by the lpad 1s ‘

Spu) = 250 kVA/SO0 VA = 0.5
The per-unit valoe of the actyve
m Vs r i
el Power absorbed by
1 | Flpu) = Slpu) oos = 1.5 » 08 =04

‘ The per-unit value of the regetiy

by the load is & Puwer ahsorbeq

NES AND TRANS FORMERS

Q(pu) = \ -‘EJEHT - Plipu)
— \V0.52 — 047

=03
The per-unit load resistance K, corresponding 1o p .
Epu) 1.0°
= =050
RUPY = "pion) — 0.4 |
The per-unit load reactance X; corresponding (o Ois r
Efpu)  1.0°

X, (pu) = Qpu) = DA
We now draw the equivalent per-unit circuit showp
in Figure 10.33. The magnetizing branch is no
sHown because il does not enter into the caloyla.
tions. Note that the load appears across the primany
terminals 3, 4 of the circuit shown in Figure 1030
(These terminals are not accessible; they exist only
in the equivalent circuit diagram.) The per-unif im.
pedance between terminals 3, 4 1s

_ 230X j3.33
250 + j3.33
= 2/.36.87°

=16+j1.2

Z:;(pu)

The per-unit impedance between terminals 1, 2 js
Zialpu) = 0.0158 + 1.6
+ (1.2 + 0.0664)
1.616 + i 1.266
= 2.053238.07°

Il

Rpum } A P‘ pul
1 00158 | 0.0664

Xy (pu}
| 3.33

Figure 10,33

! circuit of a 500 mer
feeding a 250 KVA load kVA transfor

The pr::—unit current I, is

Ealpu) 1.0)

pu)i= = =
P Zixlpu) 2053 £ 3807

= 048722 —38.07°
The per-unil voltage £, across the load is
Eyy(pu) = [i(pu) % Zy(pu)
= (048722 —38.077) (2£36.87%)
= 097442 —1.20
The per-unit voltage regulation is
E,(pu) at no-load — £, (pu) at full-load
E.(pu) at full-load
1.0 — (0.9744
HliE=—————— = (1.01263
().9744
a. The voltage regulation is therefore 2.63 %.
We can now calculate the acrual values of the voli-
age and current as follows:
Voltage across terminals 3, 4 15
Erl_; = IE'._;IP[” ~ EH
= (.9744 > 69 000
= 67.23kV

b. Actual voltage across the load 15

Es, = Ey; X (4160/69 000)
= §7.23 % 10" ¥ 0.0603
= 4054 V

¢. Actual line current is

[ = Li(pu) X Iy
= ().4872 X 7.246

= 355 A

10.18 Transformers in parallel

When a growing load eventually exceeds the power
rating of an installed transformer, We Someimes
connect a4 second transformer in parallel withat. To
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ensure proper load-sharing between the two trans-
T"I]'iﬂl:r". Ih[‘:ll n‘“.i'li P!‘i‘\i«l‘:“\ 'hl: r"‘&ll']\‘\ i:ng'

4. The same primary and secondary voltages
b. The same per-unit impedance

Particular attention must be paid 1o the polanity
of each transformer, so that only terminals having
the same polanity are connected together (Fig.
10.34)_An error in polarity produces 3 severe short-
circult as soon as the transformers are excited.

In order to caleulate the currents flowing in cach
transiormer when they are connected in parallel, we
must first determine the equivalent circuit of the
system.

Consider first the equivalent circuit when a single
transformer feeds a load Z; (Fig. 10.35a). The pn-
mary voltage is £ and the impedance of the trans-
former refemred to the primary side 15 Z,;. [f the ratio

2
C o '.Hl x1 > 2
A . R
? * —oH, X, @ > =
— .H: xz.. I____

X @4

Figure 10.34
Connecting transformers in parallel to share a load.

A

1 3
O W’I"\_Q—|
h

a:1

2

Figure 10.35a
Equivalent circuit of a transformer leeding a load &
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amplified (0

- : sty o fhi ,._'||'q;itilt-'.inh'
af transformation 158, 1 already

tharshown in Fg: 10 35h,  procedure sye it

farmihiar with
1f a second 10l
15 connected in |"-.=J.miir| W

ssfarmerhaving an impeditnee £

ithhe first, the equiy alent
' ‘ flect,
circuit becomes that <hown in Fig. 10.35¢. Ine i
the impedances of the: transformers are in paniies:
‘ iy A3 Ay o . rc._

The primary currents i the transformers arc

glv f; and [;. Becauss the voltage drop Eqs

:i:vi:.l:lhc impedances 1% the same, we can W nte
Iyl = 745 (10:16)
that s,
h _ % (1017
/ ‘{'r-l

The ratio of Uhe primary currenis is therefore de-
termined by the magnitude of the respective promary
imp-:duncc;—.m-.l nothy the ratmgs of the two trins-
farmers. Butin order thal the emperaiure ns< be the
came for both trinsformers; the cumenls must he pio-

Figure 10.35b
Egunvalent cireunt with all impedances relerred 1o the

primary sige

70
_rY“r'WT.
—_——
i PR " 3
o O T el
- &
‘jz‘
2
Figure 10,35¢
Et:::a:m! GroUit of tvo franstarmens in parallel feedi
8 0ad Z,, Al mpedanoes (elened (o the primry sh:l-&ng

dave VA TS I 1 L
unuj' to lhf I'L“*i-"'“-““ L\-}\Jﬂ“ng\_ L Ll s I']H":m]\'.

Imn:mlt to fulfill the following condition:
WE W
h m 2 L1
I_‘ .5" ] “":j

From Eqs- 10:17 and 10.18 it can readily py
proved that the desired condition 1S met if the trins.
I:LFI‘IHEI‘-‘- have the same per-unit impedances, Ty
following example shows what happens when the

per-unit jmpedances arc different.

Example 10-11 . . .
A |{.}ﬂ}.\{-—xtmn~;fnrnlcr 1s connected in parallel with

an existing 250 kVA transformer Lo supply a load of
13() KVA. The transformers are rated 7200 V/240 v
but the 100 kVA unit has an impedance of 4 percen;

while the 250 kVA rransformer has an impedance of

6 percent (Fig. 10.36a).

Calcilate |
The nominal primary current of each frans-

.
former

h. The impedance of the load referred to the pri-
mary side

¢, The impedance of each transformer referred to
the primary side

d. The actual pnmary current in each transformer

Solution
a. Nominal primary current of the 250 KVA trans-
fOrmer.1s

I,; = 250 000/7200 = 34.7 A

HI X o—¢ load
 Zp 6% 330
. 250kVA 280V kva
X; b G
7200 v =
—gH X p—
100 kVA
_ ‘Zm = 4%

_____{H, : K:?:}—-.—-l

Figure 10.36a
Agtual Iranslarmer connections.

Nominil pamary current of the 100 KVA trins.
former 15

l,a = 10000077200 = 139 A

b, The L{quik'itlﬂ'll[ circuit of the twao transformers
and the load. referred to the primary side. is
given i Fig. 10.35¢. Note tha lram-all ITIEr 1m-
pedances Z,; and Z ., are considered 1o be en-
tirely reactive. This assumption is justified be-
cause the transformers are rairly big.

Load impedance referred 1o the ;mr‘n;m side 15
Z = B 1S, = 72007330 000
= 157 ()

The approximate load current s
"’l = Si--,:d;Ep = _j'l_?l“fHH.”_f':[H] = d6 A

The base impedance of the 250 kVA unit 1s

£

Z,1 = 72007250 000 = 207 0
Transformer impedance referred to the primary
side 1s

Z,, = 0.06 % 207 = 124 )
Base impedance of the 100 KVA unit is
Z,5n = 7200°/100.000 = 518 £

np2

Transformer impedance referred to the primary

side is

Z =004 X 518 =2070

IL=46 A

1200 Vv — 157:41

Figure 10.36b

Equivalent circuil, Calculations show thal the 100 kKVA

transformer 1s seriously overloaded.
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d. Refeming to Fig. 10.36b, we find that the 46 A
load current divides in the following way:

=40 % 20.7/(124 + 207y = 28R A
1 =4 BE=172A

The 100 kVA transformer is seriously overloaded
because it carries a primary current of 17.2 A,
which is 25 percent above its rated value of 13.9 A,
The 250 kVA unil is not overloaded because it only
carries a current of 28.8 A versus its rated value of
34.7 A. Clearly. the two transformers are not carmy-
Ing their proportionate share of the load. .

The 100 KVA transformer 1s overloaded because
of its low impedance (4 percent), compared to the
impedance of the 250 KVA transformer (6 percent)
A low-impedance transformer always tends o carry
more than its proportionate share of the load. If the
percent impedances were equal, the load would be
shared between the transformers in proportion o
their respective power ratings.

Questions and Problems

Pracrical level

[0-1  Name the principal parts of a
transtormer,

10-2  Expliun how a voltage 1s induced in the
secondary winding of a transformer.

10U-3  The secondary winding of a transformer
has twice as many tums as the primary. IS
the secondary voltage higher or lower
than the pnmary voltage?

104  Which winding 15 connected to the load:
the primary or secondary?

10-5  State the voltage and current relationships
between the pnmary and secondary wind-
ings of a transformer under load: The pn-
mary and secondary windings have N,
and N, turns, respectively,

10-6  Name the losses produced in a transformer.

10-7  What purpose does the no-load current of
a transformer serve?
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|
conditons thiat mast he e

g ., - .
10-8  Name thre oprriets b

ip order to connect 1w (T
parailel

[0-2  What is the purpess of taps 00 2 (a6
former”

[0-10 ‘Nami three mcthods use
formcn

10-11 The primary vy
(0 2 600V, 60 Hz source. If the pTIMAAr)

- . -"-H'I,
Rt 1200 parns ard the seoonéary heis 2

] 10 |.'|'.l"’ trans-

of & transformer 1 conpected

culealate the secondany vollage

10-12 The windmgs of 8 trans{onmer Fesps
vely have 300 and 7500 wrms. f the
Jow :.q,-ll..u:c windme s excited by &
23000\ -«;-hun.c calculste the voliage
gerons the HV windung

113 A 60KV transmission line is connected [0
a transformer having 1300 tums on the
primary and 24 (umns on the secondary. 1
the load scross the secondary has an im-
pedance of 5 £1, calcolate the following:
a. The secondsry voltsge
b. The primary and secomlary currenty

10-15  The primary of 2 transformer has twice 45
many turms as the secondary. The priman
voltage 15 220V and a 5 11 load 15 con-
nected aorvss the secondary. Caloulate the
power delivered by the transformer. a5 well
& the primary and secondary curments,

Primary

VSEURME RS

A _q'[’h} l."..‘\. l['-.{ﬂ‘n"ll'!"m'tﬁr' hri'ﬂ- J Talio o
f!{] k‘l.‘ 1*. :—i L\r- (_‘.iIL'Ul'J[l: Illli__' ”llIII“IH'I I|.
current of each winding.

10-15

Inie Hnr'u;fhlfr (i el
(=16 In Problem 10-11, calculate the pegi
value of the flux in the core,

10-17 Explain why the peak flux in a 60 H;
ranstormer remains fixed as jong a the
ac supply voltage 15 fixed.

1018 The manstformer In Fig. 10.37 15 EXCited
by a 120 V. 60 Hz source and draws 4 -
hpr.u! current [, of 3 A. The primary and
secondary windings respectively posses

Y

200 and 600 tums. If 40 percent of the pri-

mary Mux is linked by the secondary, ca-

culate the following:

a. The voltage indicated by the voltmeter

b. The peak value of flux &

¢ The peak value of @,

d. Dmaw the phasor diagram showing £, E..
[.®_ . and D, '

10-19° In Fig. 10.38, when 600V is applied to

terminals H, and H,, 80 V is measured

across terminals X, X,

a. What is the voltage between terminals H
and X.?

h. Iftepminals H,, X, are connected together,
caticulate the voltage across terminals H,, X

¢ Does the transformer have additive or sub-
tractive polarity?

Figure 1037
Ses F‘rmn 10-18

K & K& & _§ W

Figure 10.38
See Problem 10-19.

10-20 a. Refermng to Fig. 10.34, what would happen
if we reversed terminals H, and H. of :;-_,- e
former B? |

b. Would the operation of the transformer
bank be affected if terminals H,. H- and

X. X; of transformer B were reversed?

Explain.

10-21 Explain why the secondary voltage of a
practical transformer decreases with in-
creasing resistive load,

10-22  What is meant by the following terms:

a. Transtformer impedance
b. Percent impedance of a transformer

10-23  The transformer in Problem 10-15 has an
impedance of 6 percent. Calculate the im-
pedance [{}] referred to:

a. The 60 kV primary
b. The 2.4 KV secondan

10-24 A 2300V line 1s connected to terminals |

and 4 in Fig. 10.13. Calculate the followmg:

a. The voliage between terminals X, and X
b. The current in each winding, il a 12 kVA
load i1s connected across the secondany

10-25 A 66.7 MVA transformer has an effhiciency
of 99.3 percent when 1t delivers full power

to & load having a power factor of 100

percent.

a. Calcuiate the losses i the ransformer un-
der these conditions.

b. Calculate the losses and efficiency when
the transformer delivers 66.7 MVA 104
load having a power factor of Sl percent.

10-26  If the transformer shown in Fig. 10.15

were placed in a tank of oil, the temperi-
ture rise would have to be reduced to 63
Explain.
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{
196 A) I; 128 A)
= =T T -
600 V =1 | =l = ‘;
o E E l j |
L—d

Figure 10.39

LY

>e2 Problem 10-33. The primary is wound on one leg
nd the secondary on the other

ui]

Advan ed ey el
10-27  Referning to Fig. 1039, calculate the peak
value of flux in the core if the transformer
1= supplied by a 50 Hz source.
|10-28 The impedance of & transformer increases
as the coupling is reduced benween the
pnmary and secondary windings. Explain.
10-29  The followinz information is given for the
transformer circuit of Fag. 10.22.
R, = 18] E_= 143KV (nominal)
R, = 00050 E. = 240V (nominal)

Xp =400 X~ = 0.0] £}

[f the ranstormer has a nomunal rating of 75
kVA_ calculate the following:
a. The tensformer impedance [11] referred 0
the pnmary side
b. The percent impedance of the ransiormes
¢. The impedance [{1) referred to the sec-
ondary <de
d. The percent impedance referred 10 the sec-
andarny side
¢. The total copper losses at full load
. The percent resistance and percent reac-

nce of the tastormer
10-30  During a short-cireuil test on a 10 MVA.
66 kKV/7.2 kV ransformer (see Fig. 10.28),
the following results were obtained:
2640V
I.=72A
P. = 9.85KkW

[
]




304

10-31

10-32

10-33
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Calculate the following: o
a. The total Tesistance and the tolal leakag

actance referred to the 66 KV prmary Side
b. The nominal impedance of the transtormer
referred 1o the poimiary side
¢. The peroent impedance ol the i
In Problemn 10-30, if the iron 1055¢S ar
rated voltage are 33 KW, C;]]Cﬂimt‘:rl!'ti' full-
load efficiency of the transformer if the
power factor of the load is 83 percent.
a, The windinis of 3 transformer operafe it &
A/mnt 11 they are

nsfarmer

current density of 3.5
made of copper and operite a1 3 lempera-
ture of 75°C. calculate the copper loss per
Kilogram,

b. 1f alominum windings were used. calculate
the lass per kilogram under the same condi-
10n5.

If 4 transformer were acfually built ac-

cording to Fig. 10.39. it would haye very
poor voltage regulation. Explain why and
propose a method of improving it

ND TRANSFE (ORMERS

Industrial application
(0-34 A transformer has a rating 200 kv

|0-35

10-36

10-37

14 400 V7277 V. The high-voltag, Wing.
ing has a resistance of 62 (0. Whyy i the
approximate resistance of the 277 v
winding?

The primary winding of the transforme
Problem 10-34-1s wound with No. 1] g
AWG wire. Calculate the approximate
cross section (in square millimeters) of (he
conductors in the secondary winding,

fin

"
o
'lut‘;_

An oil-filled distnbution transformer rated
at 10 kVA weighs 118 kg, whereas a 1y
kVA transformer of the same kind w eighs
445 kg. Calculate the power output in
waits per kilogram in each case.

The transformer shown in Fig. 10.13 has 3
rating of 40 kVA. If 86 V is applied be-
tween terminals X, and X5. what voltage
will appear between terminals 3 and -l'_:]f
a single load is applied between terminals
3 and 4 what is the maximum allowable

current that can be drawn?

CHAPTER 11
Special Transformers

11.0 Introduction

M;m}' transformers are designed to meel specific
industnial applications. In this chapter we study
some of the special transformers that are used in dis-
trabution systems, neon signs, laboratones. induction
furnaces, and high-frequency applications. Although
they are special, they still possess the basic properties
of the standard transformers discussed in Chapter: 10,
As a result, the following ‘approximations can be
made when the transformers are under load:

. The voltage induced in a winding 1s directly
proportional to the number of turns, the fre-
quency, and the flux in the core.

N

The ampere-turns of the primary are equal and
opposite to the ampere-turns of the secondary.

3. The apparent power input to the transformer is
equal to the apparent power outpul.

4. The exciting current in the primary winding
may be neglected.

11.1 Dual-voltage distribution
transformer

Transformers that supply electric power 1o resi-
dential areas generally have [wo secondary

windings, each rated at 120 V. The windings are
connected 1n series. and so the total voltage be-
tween the lines is 240 V while that between the
lines and the center tap is 120 V (Fig. 11.1). The
center tap, called neatral, 1s always connected to
sround.

Terminal H; on the high-voltage winding is usu-
ally bonded to the neutral terminal of the secondary
winding so that both windings are connected to
ground.

The nominal rating of these distribution rrans-

formers ranges from 3 KVA to 300 KVA. They are

mounted on poles of the electrical utility com-
pany (Fig. 11.2) 1o supply power to as many as 20
CUStOmers.

The load on distribution transformers varies
greatly throughout the day, depending on customer
demand. In residential distncts a peak occurs in the
morning and another peak occurs in the late after-
noon. The power peaks never last for more than one
or two hours, with the result that during most of the
24-hour day the wansformers operate fur below
their normal rating. Because thousands of such
transformers are connected (o the public utility sys-
tem, every effort is made to keep the no-load losses
small. This is achieved by using special low-10ss
silicon-steel in the care.




Figure 11.1

a. Distribution transio

rmar with 120 V/240 V sec-

ondary The central conductor is the neutral. :
b. Same distribution transtormers reconnected lo give

only 120V

Figure 11,2

Single-phase pole-mount

raled: 100 kWA

&0 distribution lranslorme
14.4'kV/240 V20V, 60 Hz F

Figure 11.3 |
Autotransformer having N, turns on the primary and

N, furns on the secondary,

11.2 Autotransformer

Consider a single transformer winding having N
wrns, mounted on an iron core (Fig. 11.3). The wind-
Ing 15 connected to a fixed-voltage ac source E;, and
the resulting exciting current /, creates anac flux @
in the core. As in any transformer, the peak value of
the flux is fixed so long as E; 15 fixed (Section 9.2).

Suppose a tap C is taken off the winding, so tha
there are Na turns between terminals A and C.
Because the induced voltage between these lermi-
nals is proportional to the number of turns, E; is
given by

E,'-:h‘\,i':fﬁl] P4 E! (11.1)

Clearly, this simple coil resembles a transformer
having a primary voltage E, and a secondary voltage
Es. However. the primary terminals B, A and the
secondary terminals C, A are no longer isolated from
each other, because of the common terminal A.

Ifwe connect a load to secondary terminals CA,
the resulting current /, immediately causes 4 pr-
mary current /, (o flow (Fig. 11.4).

The BC partion of the winding obviously €ar
nes current /. Therefore, according to Kirchhofl's
current law, the CA portion carries a current (/; =
ly); Furthermore, the mmf due to /, must be equu!

and opposite to the mmf produced by (/5 = /1):AS
dresult; we have

l\‘ithh — N‘_‘_l] = Il\': = fl]Nj
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E;

Figure 11.4

Autotransformer under load. The currents flow in apposite directions in the upper and lo

which reduces to
llf'll-lk'rl — J'l.l'"o'r_-‘ i ”.3!

Finally, assuming that both the transformer losses
and exciting current are negligible, the apparent
power drawn by the load must equal the apparent
power supplied by the source. Consequently,

E|.|J| = E'_-l":l |_1|.."_|

Equations 11.1, 1.2, and 11.3 are identical to those
of a standard transformer having a trns ratio N/
However, in this awtotransformer the secondary
winding 1s actually part of the primary winding. In
effect, an autotransformer eliminates the need for &
separate secondary winding. As a result, autotrans-
farmers are always smaller, lighter, and cheaper than
standard transformers of equal power output. The
difference in size becomes particularly important
when the ratio of transformation E,/E; lies between
0.5 and 2. On the other hand, the absence of elecn-
cal isolation between the primary and secondary
windings is a serious drawback in some applications.
Autotransformers are used to sturt induction mo-
tors, to regulate the voltage of transmission lines,
and. in general, o transform voltages when the pri-
mary to secondary ratio is close to 1.
Example 11-1 —
The autotransformer in Fig, 114 has an 80 per-
cent tap and the supply vollage £ is 300 V. IEa

|
|
-
A

Wer windings

3.6 kW load is connected across the secondary.
calculate:

a. The secondary voltage and current
b. The currents that flow in the winding
¢. The relative size of the conductors on windings

BC and CA

Solution
a. The secondary voltage 1s

E,=80% x 300 =240V
The secondary current is

Is = PIE; = 3600/240 = 15 A (Fig. IL.5).

~ The current supplied by the source is

I, = PIE, = 3600/300 = IZA
the current in winding BC = 12 A

the current in winding CA =15 — 12 = 3A

¢. The conductors in the secondary winding CA

can be ane-quarter the size of those in wind-
ing BC because the current is 4 times smaller
(see Fig. 11.5). However, the voltage across
winding BC is equal to the difference be-
tween the primary and secondary voltages,
namely (300 = 240) = 60 V. Consequently,
winding CA has four Limes 45 many [urns as
winding BC. Thus, the two windings require
essentially the sume amount of copper.
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Figure 1 1.5

aytotransiormer of Example 11-1.

11.3 Convention al transformer
connected as an
autotransformer

A conventional two-winding ransformer can be
changed o an autotransformer by connecting ;he
primary 4nd cecondary windings in senes. Depending
upon how the connection is mude, the secondary volt-
age may add 10, orsubract from, thee primary voltage.
The hasic operation and behayior of & transformer 15
unaffected by @ mere changen exfernal connecuons.
Consequently, the foliowing rules apply whenever a
conventional transformer 1s commected @ an aulo-
transformer.

I The current in any winding should not exceed
its nominal current ratng:

b

The voltage agross any winding shouvld not ex-

ceed its noymindl yollage rating.

3, If rared current flows in one winding. rated cur-
rent will drtomaricaliy fow i the other wind-
ing (reason: The ampere-tums of the windings
are always equal).

4. I rated voltage exisis acmoss one winding, rated

yoltage auromatically exists weross the other

winding (reason: The Sume mitoal oy 1iﬁkh
both windings),

LN

. If the current in @ winding flows from H, wH
the current in I:Js;: other wWinding must flog, l',mr:n;
X5 to X and vice versy,

f, The vollages add when terminals of opposite
polarity (H; and X5, or Ha a]nj X ) are con-
necied together by means of a jumper. The
yoltages subtract when H, and X (or H- and
X, | are connected together.

Example 11-2
The standard single-phase transformer shown n
Fig. 1.6 hasa rating of a 15 KVA, 600 V/120 V. 60
Hz. We wish o reconnect Il as an autotransiormer
ini three different ways to obtain three different voli-
age ralios;

4 600V primary to 480 V secondary
b, 600V primary to 720 V secondary
¢. 120V primary to 480 V secondary

Caloulate the maximum load the transformer can
cammy in each case:

Figure 11,6
Standard 15 kVA, 600 V/120 V transformer.

Solurion
Nominal current of the 600 V windine is

[, = SIE, = 15 000/600 = 25 A

Nominal current of the 120'V winding is

I, = SIEs = 15000/120 = [25 A

4. To obtain 480 V. the secondary voltage (120 V)

between terminals X, X5 must subtract from
the primary voltage (600 V), Consequently, we
connect terminals having the same pumm;- (-
gether, as shown in Fig. 11.7. The correspond-
ing schematic diagram i1s given in Fig. 11.8,
Note that the current in the 120 V windine is
the same as that in the load, Because this wind-
ing has a nominal current rating of 125 A. the
load can draw a maximum power.

S.= 125 A X 480V = 60 kVA

The currents flowing in the circuit at full-load

are shown in Fig. 1'1.8. Note the following:

1. If we assume that the current of 125 A flows
from X, to X, in'the winding, a current of
25 A must flow from Hs to H, in the other
winding. All other currents are then found
by applying Kirchhoff's current law,

2. The apparent power supplied by the source
is equal to that absorbed by the load:

5= 10A X GO0V = 60 kVA

. To obtain a ratio of 600 V/720 V, the secondary

voltage must add to the primary voltage: 600+
120 = 720 V. Consequently, terminals of oppo-
site polarity (H, and X5) must be connected to-
gether, as shown in Fig. [1.Y.
The current in the secondary winding 1s again
the same as that in the load. and therefore the
maximum load current is again 125 A. The
maximum load 18 now

Si= 1254 % 720V = 80 kVA
The previous examples show that when 4 cons
ventional transformer is connected as an auto-
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Figure 11.7

Transformer reconnected as an autotransformer to

give a ratio of 600 V/480 V

1254 |l=—480V—=

losd

Figure 11.8

Schematic diagram of Fig. 11.7 showing voltages and

cumrent flows.

Figure 11.9

Translormer reconnected to give a ratio of 600 V720 V.

‘r"]g
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Figure 11.10

Trarstormer reconnecied (o give 2 rasio of 120 V/4E0V.

wansformer, it cam supply a Joad lar greater
thar the rated capacity of the transformer. As
mentionad exriier, this 15 one of the advantages
of using an autotransformer nstead of a con-
wﬁtnﬁu! wransformer. Howeyer, this 1s nod al-
warys the case, & the pext pan of our exsmple
show

¢. Toobiain the desired nstio of 120 Vo 480V,
we agzimconnect H, and X, (25 10 solation a).
buat the sowree 15 now connected 1o lerminals
X%, (B 1110)
This tume, the current in the 600 Y winding 15
the same & that 0 the load, conseguently, the
masmum load current cannot exceed 25 A
The corresponding maximum load is, therefore.

5. =35A X 480V = |12 kVA

This load 15 less thas the pominal rating (15
ENA) of the standard tramsformer

We want to make one final remark concern-
mg these three auttransformer conmections
The temperature rise of the transfonmer is the
same in each cxse, even though the loads are
Fespestavely OO KVA. W KVA, and 12 kVA, The
FE2s0n 1 that the currents in the w indimgs and
e flox w the core wre identicat in cach case
and 50 the losses are the same

11.4 Voltage transformers

Voltage ransformers (4l

formiers) are high-precision transformers in which

;hc.ulu; o:’ Prmary voltage 1o secondary vollage is
wmln : Ansant, which changes very little with

. the secondary voltage is .

viealled potential 1runs.

= L E-‘Q Y L
T 3
°
! priTary |
{. J-—"—F‘JN*': {:"
_ ' v 0t 150 vy

o |55

scandary = |

grounded

Figure 11.11

Potantial fransiormer instalied on a 69 kV fine. Note

e distributed capacitance between the windings

most exactly in phase with the pnmary voltage
The nominal secondary voltage is usually 115V ;-
respective of what the rated pnmary voltage may
be. This permits standard instruments and relays to
be used on the secondary side. Voltage transform-
grs are used 1o measure or monitor the voltage og
ransmission hines and 1o isolate the metering
eguipment from these lines (Fig. 11.11).

The construction of voltage transformers s sim-
tlar to that of conventional transformers. However,
the msulation between the pnmary and secondary
windmgs must be parficularly great 1o withstand the
full line voltage on the HV side.

In this regard, one 1erminal of the secondan
winding 1s always connected 10 ground to eliminate
the danger of a fatal shock when touching one of the
secondary leads. Although the secondary appean
1o be 1solated from the primary, the distributed ca-
pacitance between the two windings makes an in-
visible connection which can produce a very high
voltage between the secondary winding and
ground. By grounding one of the secondary femi
ﬂil" the highﬂ'hl "”Ilﬂgl: between the a.;.;nnd.:r;
lines and ground is limited to 115 V

The nominal rating of voltage transformers B
usually less thin 500 VA, As a result, the volume of
MSUiation is often far greater than the volume of
Lopper or steel,

i

ﬂ . —_—
I the case of Yillage transformens and current trins o
the Jasd i Sulled by nten

Voltage transformers installed on H\ it

ways measure the line-to-neutral voltaee Th-

eliminates the need for two HV bushines +
one side of the primary is connected 1, :t;v-u.'*.-; e
example, the 7000 VA 80.5 kV trancf: u:Trr;r thow .-.
1 Fig 11.12 has one Ian__:rr: porcelain bushin
late the HV line from the grounded
houses the actual transformer.

The basic nnpuha insulation (BIL) of 650 o
expresses the transformer’s ability e
lightning and switching surges \

- A WL

210D 5

casz. The latter

withstand

b
1
T
p

-
?'"
*t-
"."'
-
| a
-
d
E
-3
i,
» |

=

Figure 11.12

7000 VA, B0.5 kV. 50/60 Hz potential transformer hav-
INg an accuracy of 0.3% and a BIL of 650 kV. The pr+-
Mmary lerminal at the top of the bushing is connected
10 the HV line while the other is connected 1o ground.
The secondary is composed of two 115 V windings
each tapped al 66.4 V. Other details; total height: 2565
mm; height of parcelain bushing: 1880 mm; oik: 250 L
weight: 740 kg.

(Courtesy of Ferranti-Packard)
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11.5 Current transformers

{ e e - " .
-UTTEnt transtormers are high-precision transform-
%

crs in which the ratio of primary to secondary cor-

| 2 Known constant that changes very finle
wiih the burden. The phase angle between the pri-
mary and secondary qirrent is very small wsually

rent ;

much less than on

¢ degree. The highly accurate cur-
Tr;-m raho and small phase angle are achieved by
Keeping the exciting current small

Current transformers are psed o MECASUTE O
m-t;".-n-.ﬂr the current in a line and to 1salate the me-
lenng and relay equipment connected 1o the sec-
ondary side. The primary is connected 1 series with
the line, ax shown in Fig. 11.13. The nominal sec-
ondary current is usually S A irrespective of the pri-
mary cumment rating.

Because current transformers (CTs) are only
used for measurement and system protection, their
POWEr raung s small—generally betwesn 15 VA
and 200 VA. As in the case of conventional trans-
formers. the current ratio is inversely proportional
o the number of tums on the pnmary and sec-
ondary windings. A current transformer having a ra-
no of 150 ASS A has therefore 30 imes more turmns
on the secondary than on the pnmary

For safety reasons current transformers must al-
ways be used when measunng currents in HY trans-
mission hines. The insulation between the primary
and secondary windings must be great enough to
withstand the full line-to-neutral voliage, inclading
line surges. The maximum vollage the CT can with-

stand 15 always shown on the nameplate

89 kV line
r
-—  primary o | load
C =~ ﬁ_v_,—.:‘.' C
. o s | L z
| secondary ﬂd'"*-’ul oo
[
|
grounded

Figure 11,13
Currenl ranstormer instalied on a 63 kV ine.
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As a0 the case of voltage transformers (and for
the Sime reasons ) ane of the secondary terminls 1s
always connected 1o ground,

Figure: 11,14 shows a 500 VA, 100 A/5 A current
transtormer designed fora 230k V line. The linge bush-
mg serves (o isolate the HV line from the ground. The
CT'is housed in the grounded steel case a1 the lowerend
of the bushing. The upper end of the bushing has (wo
termmunals thit are connected in series with the HV line.

The line cument flows into one terminal. down the
bushing, throush the primary of the transformer. then
up the bushing and out by the other terminal. The in-
temal conStruction of a CT is shown in Fig. 1115 and
4 typical instalkation is shown in Fig. 11.186.
By way of companson, the 50 VA current trans-
former shown in Fig. 1117 is much smaller mainly
because it 1s insulated for only 36 kV

Example 11-3 —
The curreni transformer in Fig. 1].17 s a ratino

of 50 VA, 400 A/5 A, 36 kV, 60 Hz. [tis connected

ransfor
for a 230 kV line and having an ACCU Eny D“;";!;;:suiareq

(Courtesy of Westinghouse)

Inta an ac ling, having 3 line-m-ncutrui VO
I4.4 KV, in a manner similar (o that showp in
Fig. 11.13. The ammeters, relays, and
wires on the secondary side possess g total

ance (burden) of 1.2 0. If the transmiss;,
current 15 280 A, calculare

a. The secondary current
b. The voltage across the Secondary terming|s
¢. The voltage drop across the Primary

Solurion

4. The current ratio is

The turns

I/Es = 400/5 = 80

rato 1s

f”'lflt‘d._
M-l

The secondary current 15

2= 280/80 = 3.5 A

Curreny lransfor
(Courtesy of

Merin he fin
ﬂ'&ﬂﬁ-Pacﬂ;a o)

al process of conslruction.

Figure 11.16
Current transformer in Series with one phase of a
220 kV, 3-phase line Inside a substation

0. The voltage across the burden is
EE=IR=35x12=42V

The secondary voltage is therefore 4.2 V.
¢. The primary voltage is

£y =4.2/80 = 0.0525 = 325 mV

This s g miniscule voltage drop. compared to
the 14.4 kv line-to-neutral voltage,

11.6 Opening the secondary
ofa CT can be dangerous

Every Precaution must be taken to never open the
*eondary cireuip of g current transformer while
Clrren( jg Howing in the primary circuit. If the sec-
Ondary js aceidentally opened, the primary current
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Figure 11.17

Epoxyr—enc;apsulatsd turrent transformer rated 50 VA,
400 A/5 A, 60 Hz and insulated for 36 kv
(Courtesy of Montel Sprecher & Schuh)

/| continues to flow unchanged because the imped-
ance of the primary is negligible compared to that
of the electrical load. The lige current thus becomes
the exciring current of the transformer because there
15 no further bucking effect due to the secondary
ampere-turns. Because the line current may be 100
10200 times greater than the normal exciting cur-
rent, the flux in the core reaches peaks much higher
than normal, The flux is so large that the core is to-
tally saturated for the greater part of ey ery half cy-
cle. Referming to Fig. 11.18, as the primary current
Iy rises and falls during the first half cycle. flux @
in'the core also nises and falls. but it remains af a
fixed, saturation level ®. for most of the ume. The
same thing happens during the second half-cycle.
Dunng these saturated intervals, the induced volt-
age m;hm_»u. the secondary winding is negligible be-
c;us-: the flux changes very little. However during
the unsaturated intervals, the flux changes at an ex-
tremely high rate, inducing voltage peaks of several
hundred volis across the open-circuited secondary.
This 15 @ dangerous situation because an unsuspect-
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i or could easily receive @ had uhet.‘ll.. T:hl-
:?'ﬁt;‘:: Tpnnicularl}- hlf"llm curment tnsiornmen
aving ritings above 50 VA, :
'mlﬂlnnfi:::'l::?liw above, 1l g meter nr_rfl,uy mﬂ lh; *::.L
ondiry circuit of a CT has 1o be LIJ*?EGH‘IIL"I._EL ; i
TSt 'ﬁm short-circuil the secondary w_mdtng :ﬂ :
then remove the component. Short-crreuiing 3 -.url
rent transformer dogs no harm because the pnm:ir_a
eurrent remains unchinged and 1h_::. secondary current
can be no greater than that cirh:nmr}ed .h}' the wrns ra-
tio, The shon-gireunt across the Hr'll'hjlﬂg may be re-

moved dffer the secondary circuil is again closed.

11.7 Toroidal current transformers

When the line current exceeds 100 A, we cin somic-
limes tse & twomidal current transformer. L consists
of a laminated ring-shaped core that camies the sec-
ondary winding, The primary 1s composed of & sim-
gle conductor that Simply passes through the center
of the ing (Fig. 11:19), The position of the primary

conductor is unimpontant os long 4s it is more or
less centered. If the secondiary possesses N turns,

the ratio of (ransformution 18 . Thus, a torojdal CT
having a ratioof 1000 A/S A has 200 wms on the
secondary winding.

Toroidd) CT's are simple and inexpensive and are
widely used in low-voltage (1LV) and medium-yollage
(MV)indoor instullitions. They are also Incomorated
in cireuti-hreaker bushings o monitor the line current
(Fig. 11.20), 1f the cunent exceeds 4 predetermined
lumit. the CT cavses the cireuit-hreaker to trip.

Example 11-4
A potential transfonmer rated 14400 V/115V and 4
current ransformer ruted 75/5 A are bsed to measure
the voltage and current I & Lrrismission line, If the
voltmeter indicates 11 Voind the amineler rf:udp.
3 A, caloulate the yoltage and current in the line.
Solition

The voltage on the line is

E= (1 x (440041 15) = 13900 v

The current in the line is

=3 % 0505) = 45

THINES AND TRA NSFORMERS

+3000 V-

-3000 V+
Figure 11.18

Primary current, flux; and secondary voltage when a
CT is open-circuited.

200 turns

Figure 11.19

Toroidal transformer having a ratio of 1000 A/5 A, con-
nected lo measure the current in a line.

HV terminal

porcelain
bushing

Current el P s
transformer e
internal
el a
terminal
Figure 11.20

Toroidal transt

: OfMmer surrounding a canductor nside @
bUEhl'ng,

11.8 Variable autotransformer

A variable autotransformer i« Oiten used when we
wish (0 obtain a variable ac Voltage from 4 fiy Ld-
,_-ul[agl: dac source. The transformer s '_'-.bl‘,'rﬁ'w:.:j of
u single-layer winding wound uniformly gn )
toroidal iron core. A movable carbon bry .Lh".r. \j.”j\.
g contact with the winding serves

s 3 Yi..lri.ihh:
tap. The brush can be set in

“NY Position between ()
and 330°. Manual or motorized P

used (Figs. 11.21 and 11.23),
As the brush slides over the bared portion of the
winding, the secondary Voltage £

5 Increases 1N pro-
portion 1o the number of turms SWept out (Fie

SIONIng may he

: Figure 11.21
! Culaway view of a Mmanuaily operated 0-140 V, 15 A
variable autotransformer showing (1) the laminated

toroidal core; (2) the single-layer winding; (3) the mov-
able brush.

(Courtesy of American Superior Electric)

,-"1_ - 90% lap
I“SE lr__: <

I

| |
Figure 11,22

$Eh&matlc diagram of a variable aulolransformer hay-
g a fixed 90% lap.

——
-
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T3
11.22). The inpul volaee F

a4 Tixed 90 percen lap on
£ 10y ary fri
Vanable

( 15 usually connected 1o
the winding. This enables
MUTe 110 percent of the inpok voltage.
J auiotranstonmens are efficient and provide
200d voltage resulation under variable loads. The sec-
nmhg line should dlways be protected by a fixe or
Circuil-breaker 5o that the QUIput currenit I'-. OEVET ex-
ceeds the current ratng of the .J.uruu*.:.nwl‘ﬂn-ncr.

Figure 11.23

Vanable autolransformer rated at 200 A, 0-240 V.
50/60 Hz. It Is composed of eight 50 A, 120 V units,
connecled in senes-parallel. This motonzed unit can
vary the outpul voltage from zero te 240V in 55
Dimensions: 400 mm x 1500 mm.

(Courlesy of American Superior Electric)
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119 High-impedance-transfnnners

h r - t:-__
The transformers we have studied so far are alld

Gioned 1o have a relatively low leakage n:.:;n::“
ranging perhaps from (.03.10 0.1 per u:fm f :rciul
Iﬂ_iﬁ'_ll.- Hawever. some industrial and HT"“-L,H,E_
applications require much higher rrm:lumu::; e
(imes reaching values as highas 0.9 pu. SI‘JL I:._. i
rmpedance franstonmers are used in the tollowing
typical dpplications:

arc welders

glectnic arc fumaces
reactive power regulatons

electric [oys
fluorescent lamps
neon s1gns

o1l burmers

Ler us briefly examine these special applications.

1. A toy transformer is often accidentally short-
cirouited. bul being used by children it 15 nei-
ther practical nor safe (o protect it with a fuse.
Consequently, the transformer 15 designed so
that its leakage reactance 1s so high that even 4
permarnent shor-circull across the low-voltage
secondary will nol cause overheating

The same remarks apply to some bell trans-
formers that provide low-voltage signalling
power throughout a home. If a short-circunt o¢-
curs on'the secondary side, the earrent 18 auto-
matically limited by the high redctance so as
not o burn out the [!'filﬂ.'iﬁ,ln‘ﬂﬂr or dﬂmﬂgﬁ' the
frugile annunciator wiring.

ra

« Electric arc fumnaces and discharges in pases
possess a negative E/f charactenstic. feaning
that once the arc is struck. the current increases
as the voltage falls. To maintain a steady dre, or
d uniform discharee, we must add an i:r-rped-
ance in senes with the load. The senes imped-
ance may be either s resistor or reactor, but we
prefer the latter becayse
detive power.

i o s e 4100l

porate the reactance i tiw tr:mw I"rmlhi self

designing it o have & high Ical;. 'ﬂ:mﬂjl“"l o
. : UEE reaclance. A

typical example i the NEON-5]
] L I L I I. -
shown in Fig. 1124, & g

ILeonsumes very linde

[0 Incor-

D TR-i.‘h'SFUR.HEHi

The primiary winding Pis connected 1,
240V ac source, and the two secondary indin
g are connected in'senes across the long negn
rbe. Owing to the large leakage fluxes @ ;04
b, . the secondary voltage }"r falls rapidly wiih
increasing current, 48 seen in the regulartion Curye
af the transformer (Fig. 11.24¢). The high Open-
gireuit voltage (20 kV) initiates the discharge, by,
4% soon as the neon tube lights up, the secondan,
current 18 automatically limited to 15 mA. The
comesponding voltage across the neon tube fals
1o 15 kV. The power of these transformers ranoec
from 30 VA to 1500 VA. The secondary :'nilugh._-\

:;-_'1-.

{al AN
7.5 kV T5kv
mp
240 Vv
== r*.{;i'u.. S e ——
(b} S0 = P B s
E!’ ]1.
3 - i
. :.-;.i:_.az:..;.g.'-..;-:;__lf_:__:_ﬁm:_,:. ST e
KV open circuit
20
operaung
point
EI
icl 10
short circuit
0l ¥
0 15 30 mA

— |

F

Figure 11.24

4. Schemalic diagram of a neon-sign transformer.
b. Construction of the transfarmer,

€. Typical £-/ characteristic of the transformer.

range from 2 KV 10.20 kV, dependin
upon the length of the tube.

Returning to Fig.11.24a, we noe that the
center of the secondary wInding is grounded.
This ensures that the secondary line-to-sround
voltage 1s only one-half the voltage uL-r.:“ the
neon tube. As d result, less insulation i« needed
for the high-voltage winding.

Fluorescent lamp transformers (called hal-
lasts) have properties similar to neon-sion
transformers. Capacitors are usually added 1
improve the power factor of the ;,,—_.;;—,i CIrcuit.

Oil-burner transformers possess essentially
the same characteristics as neon-sign trans-
formers do. A secondary open-cireuit volt
about 10 KV creates an arc between two closely
spaced electrodes situated immediately above '
the oil jet. The arc continually ignites the va-
porized oil while the burner is in operation.

2 m;iinlg,

Some electric fumaces generate heat by main-
faining an intense arc between two carbon elec-
trodes. A relatively low secondary voltage is used
and the large secondary current is limited by the
leakage reactance of the transformer. Such trans-
formers have ratings between 100 kVA and 500
MVA. In very big furnaces, the leakage reactance
of the secondary, together with the reactance of
the conductors, is usually sufficient o provide
the necessary limiting impedance.

. Arc-welding transformers are also designed 1o

have a high leakage reactance so as to stabilize
the arc during the welding process. The open-
Circuil voltage is about 70 'V, which facilitates
striking the arc when the electrode touches the
work. However, as soon as the arc is estab-
lished, the secondary voltage falls ta about
15V, a value that depends upon the length of
the are and the intensity of the welding current.

As a final example of high-impedance trans-
formers, we mention the enormous 3-phase
units that absorb reactive power from a 3-phase
transmission line. These transformers are inten-
tionally designed to produce leakage flux and,
consequently, the primary and secondary wind-

ge of
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”l_':_"\ are very ].

osely coupled. The three pri-
Ary windings are connected 1o the HV line
(Iypically between 230 kv and 765 kV) while
the three secondary windings (typically 6 kV)
WIe connected 1o an electre

") mic controller (Fie.

3). The controller PErmils more or less sec-
ondary current to flow, causine the leakage flux
10 vary accordingly. A changﬂ:n the Ieuk;m:
tlux produces a cormesponding change in ri‘u: re-
4CUVE power absorbed by the transformer. The
transtormer, incorporated in'a static var com-
pensator, is further discussed in SNection 25.27.

3 phase primary Mput 230 kV

/, 1 |
] I} .ul

rl-.\.;' "f";'_ "t*!_ :
primary e J
leakage fiux

tertiary winding

sacondary
leakaga flux ™,
LY

electramic controller

Figure 11.25
Three-phase stalic var compensaltar having high leak-
age reaclance

11.10 Induction heating
transformers

High-power induction furnaces also use the trans-
former principle o produce high-guality steel and
other alloys. The induction principle can be under-
stood by referming to Fig. 11.26. A relatively high-
frequency SO0 Hz ac source 15 connected to a coil
that surrounds a large crucible containing molten
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acdy currents crucible
indochon harnapce
iqure 11.26 3
EE:lEﬁ induction fumace. The flux ¢ produces eddy

currents in the malten metal. Tre capacitor fumishes

the reactive power absarbed Dy the ool

and the molten ron
qurn. shon-circuited
cames a very large

iron. The coil 15 the pamary.
acts like a single secondary
upon iselt, L“nnsmufﬂﬂ." 1
secondary current. This currenl provides the encrgy
that ch;;u the fron in & liquid state. melung other
scrap metal as 1015 added w the pool.

Such induction fumaces have ratings between
15 KVA and 40 000 kVA, The operaling frequency
becomes progressively lower as the power raling
increases. Thus. a freguency of 60 Hz is used when
the power exceeds about 3000 KVA.

The poswer factor of coreless induction fumnaices is
very low (rypically 20 percent) because a lirge mag-
netizang corrent 1s required 1o dnve the flux through
the molten oo and through the @r: In this regard, we
must remember thut the temperiture of molten iron 1s
fur above the Cune point. 4nd 50 it behaves like air as
far as permeability 15 concerned. That is why these
furnaces are offen called coreless induction fumaces.

Capacitors are installed close to the coil (o sup-
ply the reactive power it absorbs.

tn another type of furnace, known asa channel fur-
fidice. & ranstommer having 4 laminated iron L‘-\H:E I
made to fink with @ channel of molten iron, as shown
i Fig. 1127 The channe! is a cersmiic pipe that is fit-
ted 1o the bagom of the crucible The primary coil i
exciled by & 60 Hz source, and the secondary cument
[ .ﬂum in the liguid channe| and throush the molien
Etfau:nj:mmiql]n;i{ﬁl the channel is equiva-

e = shor-cirewited on itself

SFORM ERS

P B Y ..___..___‘_-:__-—-‘-""!
lip® e
molten steel

e —

channel —

iron core = |

primary coil

Figure 11.27
Channel induction furnace and its water-cooled

transformer.

The magnenzing current 1s low because the flux i
confined to a highly permeable 1ron core, On the
other hand, the leaKage flux is large because the sec-
ondary tumn is obviously not tightly coupled 1o the
primary coil. Nevertheless. the power tactor is highes
than that in Fig. 11.26, being typically between 60
and 80 percent. As a result, a smaller capacitor bank
18 required to fumish the reactive power.

Owing to the very high ambient temperature, the
pamary windings of induction furnace transform-
ers are always made of hollow, water-cooled copper
conductors. Induction furnaces are used for melting
aluminum, copper. and other metals, as well as iron

Figure 11.28 shows a very special application of
the induction heating principle.

11.11 High-frequency transformers

In electronic power supplies there is often a need (©
solate the output from the input and to reduce the
Weight and cost of the unit. In other applications
such s in aireraft, there is a strong incennive 1

Figure 11.28

Special application of the transformer effect. This pic-
ture shows one stage in the construction of the mtor
of a steam-turbine generator. It consists of expanding
the diameler of a 5t coil-retaining ring. A coil of as- :
bestos-insulated wire is wound around the ring and
connected to a 35 kW, 2000 Hz source (left fore-
ground). The coil creates a 2000 Hz magnetic field.
which induces large eddy currents in the ring, bringing
its temperature up 1o 280°C in about 3 h. The resulting
expansion enables the ring to be slipped over the coil-
enas, where it cools and contracts. This method of in-
duction heating is clean and produces a very uniform
lemperature nise of the large mass.

(Courtesy of ABB)

minirize weight. These objectives are best achieved
by using a relatively high frequency compared 1o,
say, 60 Hz. Thus, in aircraft the frequency is typically
400 Hz, while in electronic power supplies the fre-
quency may range from 5 kHz to 50 KHz.

An increase in frequency reduces the size of such
devices as transformers, inductors, and capacitors, o
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order to 1llustrate the reason for this phenomenon, we

limiit crur discossion o transtormers. Funthermore, (o
avoid a cuombersome theoretical analysis. we will
take a practical transformer and observe how it be-
haves when the irequency is raised.

Consider Fig. 11.29. which shows a conven-
'Flr.*nal 120 V124 V, 60 Hz transformer having a ri-
Ing of 36 VA. This small transformer m:mh:i]..‘- kg
and operates ata peak flux density of 1.5 T The flux
In the core artains a peak of 750 pWb. The lami-
ndted core 1s made of ordinary silicon steel havine
a thickness of 0.3 mm (12 mils) and the total cnr:':
loss 1sabout 1 W. The current rating is 300 mA for
the primary and 1.5 A for the m;._mfm_

200 mA K i P=1BVA
s = B = ?_Es T

13; b e - 3 —

59';4 6001 1201 24u[j Pmax = 750 UWD
- : core lass= 1 W

Figure 11.29

Without making any changes to the transformer,
let us consider the effect of operating it at a fre-
quency of 6000 Hz, which 1s 100 times higher than
what it was designed for. Assuming the same peak
tlux density. it follows that the flux @ will re-
main at 750 pWb. However. according to Eq. 9.3,
this means that the commesponding pnmary voltage
can be mcreased to

E=4H NP (9.3)
=444 X 600 x 600 x 750 X 10°°
= 12000V

which 1s 100 tumes greater than before! The sec-
ondary voltage will hikewise be 100 tumes greater,
becoming 2400 V. The operating conditions are
shown in Fig. 11.30. The pnmary and secondury
currents remain unchanged and so the power of the
transformer is now 3600 VA, 100 nmes greater than
in Fig. 11.29. Clearly. raising the frequency has had

a very beneficial etfect
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However. the advaniage is nopas great 4s it Seems
hecause at 6000 Hz the core 1088 18 enonmus mhﬂ.llu
700 W), due (0 the increase in eddy current and hys-
teresis lasses, Thus, the transformer in Fig. 11.301s
fot feasible because it will guickly overheat. :

To get arcund this problem, we can n’ducc. the
flux density so that the core losses are the same as
they were in Fig. 11.29. Based upon the properties
of 12 mil silicon sleel, this requres a reduction m
the Nux density from 1. 5T 0,04 T. As @ result. ac-
cording 1o Eq. 9.3, the pnmary and secondary volt-
sees will have to be reduced to 320 V and 64 V, re-
5;;::4::1 vely, The new power of the transformer will

be £=320 x (1.3 =96 VA (Fag. 11.31). This is al-
most 3 iimes the onginal power of 36 VA, while re-
laining the same temperature rise.
- By using thinner laminations made of special
nickel-steel, it is possible 1o raise the flux depsity

above (.04 T while mainaining the same core
losses, Thus, if we replace the orgindl core with
this special matenal, the fux density can be raised
(0:0.2 T, This corresponds 1o a pedk flux &, of
750 uWhb % (02 TS5 T) = 100 wWh, which
means that the primary voltage can be raised to

= -1.44_}‘Nltlxnm

+44 X 6000 % 600 % 100 % 107°

1600 V

Core: 6« 5x25am

F'= 3600 VA
E=15T

Prmizx = 750 UWb
Core loss = 700 W

silicon 12 mil
300 mA
=

12 kV

=g

—

Figure 11.30

core. b s ﬁ';.?_ﬁcm

siicon 12 mi
SOmAl 7 154 P=96VA
ROVN—— . — B=00s7
GkHz | [6007 125, m?[j Prmax = 20, Wh
' ' _. I COfe loss = 4 W

In-_

Figure 11,31

The corresponding secondary Yollage j¢ 120y
and sa the enhanced capacity of the Immlw”'fr h.
320V X 1.5A =480 VA (Fig. 1132y

We are interested, of course, in MAINtainine the
onginal voltage ratio of 120 Vo 24 v This jg f::adli
ily achieved by rewinding the transformer Thue
the number of tums on the primary wij| he 'i‘diwcﬂl
from 600 to 600 1 X (120 V/1600 V)= 45 i
while the secondary will have only 9 turms. Syeh
drastic reduction in the number of turns TICANS thy,
the wire size can be increased .ﬂiglnﬁ.:;.mh_
Bearing in mind that the capacity of the trap:.
former is sull 480 VA, it follows that the rated pry.
mary current ¢an be raised'to 4 A while that in the
secondary becomes 20 A. This rewoungd lrans.
former with its special core (Fig. 11.33) has the
same size and weight as the one in Fig. 11.29
Furthermore, because the iron and Copper losses
dre the same in both cases. the efficiency of the
high frequency transformer is better

It is now obvious that the increase in frequency
has permitted a very large increase in the power ca.
pacity of the transformer. It follows that for a given
power output a high frequency transformer IS much
smaller, cheaper, more efficient, and lighter than «
60 Hz transformer.

COre: 6 X 5%x25cm

special core
300’ mA 1.5A P=4BOVA
s — B=02T7

16‘50".’ =ty ﬁ,m&!: 10{3;11'%

6001 1207] | 320V
!
& kHz . L core loss =1 W

Figure 11.32

Core'6x5%25em
]

Special core

S (N
120V ™ . |~
B kH;z 4_§l' 9y

P =480 VA
B=02T

Pmay = 100 WD
core loss=1W

Figure 11,33

Questions and Problems

Practical level

[-1° What s the difference between an autes
Iﬁiﬂhlﬁlln“t—'r dnd | '.:l‘n.'l L‘n'il\ﬂzjl ”Hﬂ"-r-”ﬂ]"'l._'r ¥

1]- What 1s the PUrpose of a yoltgoe trans
former? Of a curren transformer?

11-3 Wh:,- MUust We never open the seCondary of
a current transformer? :
Explain why the secondary y inding of a
CT or PT must be grounded.

A toroidal current transformer has 4 rato of
IS0 A/S A, How many turns does it have?
A current transformer has a raling of [{)
VA, S0A/5 A. 60 Hz, 24 kv Calculate
the nominal voltage across the primary
winding.

Intermediate level

11-7 A single-phase transformer has 4 rating of
LO0KKVA, 7200 V/600 V, 60 Hz. If it is re.
connected as an dutotransformer having a
ratio of 7800 V/7200 V. calculate the load
It can carry.
In Problem 11-7. how should the trans-
tormer terminals (H,. Ha, X, X5 be con-
nected?
The transformer in Problem I'1-7 1s recon-
nected again as an autotransformer having g
ratio of 6.6 kV/600 V. What load can It camy
and how should the connections be made?

Advanced level

=10 A current transformer has @ rating of
100 VA, 2000 A/5 A, 60 Hz, 138 kV. It
has a primary 1o secondary capacitance
OF 250 pE. If it is installed on a transmis-
sion line where the line-1o-neutral volt-
age s 138 kV, calculate the capacitive
leakage current that flows to ground (see
Fig. 11.13),
The toroidal eurrent transfarmer of Fig.
FE19 has a ratio of 1000 A/5 A. The line
condugtor carries a current of 600 A.

SPECIAS TF.'-HEFHRUL‘H 24}

i qi.Jl.l..iI,-[L:‘ the '-ﬁi[.:';l.l ACr%< the secandin

winding if the dmmeter has an impedince
o iL1S 1)

- Ulilculate the Voltage drop the trans former
Produces on the line conductar,

- If the Prmary conductor 15 looped four
UmMes through the orowdal opening. calcy.
ldle the ney Cument ratio |

Industria} appitcation

11-12

The nameplate of 3 small transformer in-
dicates SO VA 120V 12.8 V. When
I18.8 V 15 dpphed to the primary. the
voltage across the secondary at no-load
15 13.74 V. IF 120y were available, what
would the secondary voltage be? Why is
this voltage higher than the indicated
nameplate voltage?

Referring to Problem 11-12. the windines
SIt encapsulated in 2poxy and cannot be
seen. However, the resistance of the pri-
mary 15 15.2 €) and that of the secondary
150306 Q. Is the 120 V winding wound
upon the 12.8 V winding. or vice versa?

Many airports use series lighting systems in
which the priminy windings of a large num-
ber of current transformenrs are connected in
SEI1ES aCToss d constant current, 60 Hz

source, In one installation, the primary cur-
renl )5 kept constant at 20 A. The secondary

windings are individually connected to 4

100 W, 6.6 A incandescent lamp.

. Calculate the voltage across each lamp.

b. The resistance of the secandary winding is
(LO7 £} while thay of the primary s (U008 (L
Knowing that the mugnenzing ciument and
the leakage reactance are both nealitble,
caleulate the vollage across the primary
winiing of each transformer,

10 140 lamps; spaced at évery S0 m inter-
vals. are connected in senes using No |4
wire. calculate the minimum voltage of the
powver source. Assume the wire operates ot
nlemperature of 105°C

A no-load test ona 15 kVA, 480 V/120 V.
OU He transformer yields the following
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saturation curve data when the 120V
winding is excited by & sinusmdai. source.
The pnmary 1s known 1o have 260 {_umh.
a. Draw the saruration curve (voltage versus

curren! in mA L _

b. If the experiment were mpe:ateq ST &
50 Hz sounce. redraw the resulting safuni-
non curve

148 31 49.3 66.7 9.5
a9 09 I44 210 430

¢. Draw the saturation curve g1 ) Hz (peay
flux in mWb versus curren i MA) Ap
what point on the saiuration curve d,
uration become imporant? [« the 11,

= X e,
torted under these conditions?

120) 130 136 142 V
1060 1740 2300 3200 .

W b fh_',_!‘ £

CHAa PTER 12
Three-Phase Fansformers

12.0 Introduction

incr 1s distributed throughout North Amenca by

means of 3-phase trnsmission lines. In order 1o
transmit this power efficiently and cconomically, the
voltages must be at dppropriate levels. These [evels

(13.8 kV 10 765 kV) depend upon the amount of

power that has to be transmitied and the distance it
has 1o be carried. Another dspectis the appropriate
Voltage levels used in factories and homes. These are
fairly uniform, ranging from 120/240 v single-phase
SYStEms to 6(K) V 3-phase sYstems. Clearly, this re-
quires the use of 3-phase transformers to transform
the voltages from one level o another,

The transformers may be inherently 3-phase.
hiving three Primary windings and three secondary
Windings mounted on 3 3-legged core. However.
the same result can be achieved by using three
single-phase transformers connected together to
torm a 3-phase transformer bank,

12.1 Basic Properties of 3-phase
transformer banks

When three single-phase transformers are used to
trinsform g 3-phase voltage, the windings can be

Lunnected in several wavs, Thus, the pPrimanes may
be connected in delig and the secondaries in w e, or
VICE Versa. As a result. the ratio of the 3-phase input
voltage (o the 3-phase ourput voltage depends not
only upon the turns ratio of the transformers. but
ai50 upon how they are connected.

A 3-phase transformer bank can dlso produce 3
phase shift between the 3-phase input voltage and
the 3-phase output voltage. The amount of phase
shuft depends again upon the tums ratio of the
transtormers, and on how the primanes and secon-
danes are interconnected. Furthermore. the phase-
shift feature enables us 1o change the number of
phases. Thus, a 3-phase s¥stem can be converted
1o a 2-phase, a 6-phase, or 4 |2-phase system.
Indeed. if there were o practical application for it we
could even convert g 3-phase system into a 3-phase
system by an appropriate choice: of single-phase
transformers and interconnections

In'making the various connections. i IS Impor-
tant 1o observe ransformer polanties. An error in
polanity may produce a short-cireuit or unbalance
the line voltages and currents.

Ihe busic behavior of balanced 3-phase trans-
former banks can be understood by making the fol-
lowing simplifying assumptions:
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|. The exciting currenls are negligihle.
| -
The wransformer impedances, duc 1o lh:i e ‘
| tnce and leakage reactance o the WInGIngs.
are negligible.

1 » s NS =
. The total apparent input power (o the Er:mnu[
farmer hank is equal to the total apparent

518

pat power
—
Furthermore, when single-phase Lmnafunmr,:
are conniected into a 3-phase system, they retain am
I X B £ 109 5 I-Tc
their hasic single-phase properties, such éﬂ! 2
ralio, voltage ratio, and flux m the core. atfu‘{h‘;;
polarity marks X, X; and H,, Hz, thc.ph‘m 5 I.
between pnmary and secondary 15 zero, 1 Lhe sense
that £, 5 is 1 phise with £, ¢ .

12.2 Delta-delta connection

The three single-phase transformers P Q,_anil R of
Fig. 121 transform the voltage of the incoming
transmission line A, B. C (0 a level appropriate for
the guigoing transmission line 1, 2, 3. The incnm?ng
line is connected [o the source. and the putgoing line
is connected (o the laad. The transformers dre con-

nected in| delra-delta. Tel'lllin'tll Hy of each tranc.
former is connected [0 {L'I:IIIII‘III:IP H; of 1he :
transformer. Simitarly, terminals X, an X of Stic.
cessive transformers are connected together, Ty, a-
rual physical layout of 1he_lmn.~.h|rrnﬂ:~; 'S shown i,
Fig. 12.1. The corresponding schematic diagram, ;.
mven in Fig. 12.2. _ : :

The schematic diagram is drawn in such g , 4Y o
chow not only the connections, but also the piu;w

AO"r_

balanceg

Figure 12.1
Delta-delia connection of three single-phase trans.

formers. The incoming lines (source) are A, B, C angd
the outgoing lines (load) are 1, 2, 3

secondary af P

MD
(]
&

relationship. between the primary yi secondar
yoltages. Thus, each secondary windine o
parallel 1o the corresponding primary ".-‘.rF'l_iZJJ[IE 1o
whichat 15 coupled. Furthermore, if Source G ;'*ru.
duces voltages E .. Eye F,., according (o (he ;.
dicated phasor diagram, the primary windines .
griented the same way, phase by phase, For L.“,m_
ple. the primary of transformer p between lines A
and B 1s oriented horizontally, in the sqme direct
as phasor £ 4.

Because the primary and secondary voltases
‘EH.H and E\!.\'- of & I‘._.’I"q. en transformer must bl::" in
phase, it follows that Ei» \Secondiry voltage of
transformern P) must be in phase with E \E 'Pn‘mar}.
of the same transformer). Similarly, E;5 is in phase
with Ege, and £5, with £, ¢

Insuchadelta-delta connection, the Oltages he-

15 41‘-.'.'\.'1. n

1Cn

tween the respective Incoming and OulZoing trans-
mission lines are in phase. :

If a balanced load is connected to lines 1-2-3, the
resulting line currents are equal in magnifude, This
produces balanced line currents in the Incoming
lines A-B-C. As in any delta connection. the line
eurrents are V3 times greater than the respective
currents /[, and /[, flowing in the primary and sec-
ondary windings (Fig. 12.2). The power rating of
the transformer bank is three times the ruting of a
single transformer

Note that although the transformer bank consti-
lules @ 3-phase arrangement. each transformer.
considered alone, acts as if it were placed in a single-
phase eircuit. Thus, a current [, lowing from H, to
H in the primary winding is associated with a cur-
rent /; flowing from X, to X, in the secondary.

Example 12.]
Three Singiu-pl‘m:‘ie transformers are connected 1n
delta-delta to step down a line voltage of 138 kV 1o
+160 V'to supply power to a manufacturing plant,
The plant draws 21 MW at a lagging power factos
of 86 percent.

Caleulate
4. The dpparent power drawn by the plant :
b. The apparent power furnished by the HV line

THREE-PHASE IRANSFORMERS

C. The currenpin the HV lines
d. The cumentn the L.V lines

C. The Lurrents in the primdr} and secondars
windings of each transformer

I. The load carried by each transformer
solution
. The apparent power drawn by the plant is
S = Plcos 8
= 21N.RK
=244 MVA
. The transformer bank itself absorbs a neglicible
4mount of acuve ind resctive pPOWwer bcs:;u;u

the IR losses and the reactive power associated
with the mutual flux and the leakaze fluxes are
small. It follows that the apparent power fur-

nished by the HV line is also 24 4 MVAL
The current in each HV line is
I, = S 3 E) (8.9)
= (244 X 10"/(V3 % 138 000)
= 2 A
The current in the LV lines is
I, = SI(y3 E)
(234 > 10N 3 x 4160)
= 3386 A
Referring 1o Fig. 12.2, the current in each pri-
mary winding is
o= 102N3 = 589A
The current in each secondary winding is

I, = 33863 = 1955 A

%

Because the plant load 15 balineed., each trans-
tormer carmes one-third of the total load. or
24.4/3 = 8. 13 MVA,

The individual transformer load can also be
obtained by multiplying the primary voltage
times the pnmary, current:

S=EJ, = 138000 x 589

i Lo

= 8.13 MVA
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Note thar we can caleuldre the line currents and the
curreats in the transformer windings even though we
do norknow how the 3-phase load 1s Cﬂﬂﬂfﬂ’[(‘d. in L-"_Iv
fect, the plant load (shown as a box in Fig. 12.2) Is
composed of hundreds of individual loads, some aof
which are connected 1n delta, others o wye.
Furthermore, some are single-phase loads operating
at much lower voltages than 4160V, powered by
smualler ransformers [ocated inside the plant. The
sum total of these foads usually results in a reasonably
well-balanced 3-phase lowd, represented by the hox.

12.3 Delta-wye connection

When the transformers are connected in delta-\ye.
the three pnmary windings are connected the same
way asin Fig. 12.1. However, the secondary windings
are connecied so that all the X terminals are joined
(ogether. creating acommon neutrsl N (Fig, 12.3). In
such u delta-wye connection, the voltage gcross each

pamary winding is equal to the incoming line volt-
uge. However, the outgoing line voltage is V3 times
the secondary voltige across exch transformer.

1713 i

Eag
Eea
Lac
Figure 12.4
Schamatic digaram of a delta.
mary and S€condary sides ar

8 not drawn to tha same Scale)

The relative values of the currens In the
former windings and transmission fines
Fig: 12,4, Thus, the line CUITeNts in phis
C are ¥3umesthe currents in the Primary
The line currents 1n phases |, 2, 3
the currents in the secondary windings,

A delta-wye connection produces g 30
shift between the line voltuges of the
autgoing transmission lines. Thus.

Uiy
€ Riven iy

s \ H, .,_'”id

Ill{llrlg.‘

ding ”'H_' .I;“.“‘:‘ 3
L

IJ'J' LRV

e e
HIing gnq

Ht“:.!ﬂlnu line
[ L -

-
‘ e
AD—p—H, X,p——=im _1r- "‘I
H_} J(; r— : :
I
o = I balancayg :
BO— H, X, L -1' three-phasa |
I
H:u xJ_+H : ‘l:l-aﬂ I
|
[
3 3| :
C O— H X, +-f |
I
Hy X} | i
Az S .
Figure 12.3
Delta-wye connection of three single-phase
transformers.
/
=4 EW 1
——
2
Xy
secandary aof P
X X, 3 load
jr‘l
secondary of R
X\ 3

8.con i i
wy nection and associated phasor diagram. (The phasor diagrams on the pri-

13.2 kV

Figure 12.5
See Example 12-2.

voltage E,5 is 30° ahead of INCO
Eap: a5 can be seen from the
outgoing line feeds an jsolaged
phase shift creates no proble
line has to be connected in p
g from another source, the 30°
such a parallel connection Imposs
line voltages are otherwise identical
One of the important ady dntages of the wye con-
nection is that it reduces the amount of insul;
needed inside the transformer. The HV
to be insulated for only 1443
line voltage.

on
winding has
« 0r 38 percent of the

Example 12-2
Three single-phase SIEp-up trinsformers rated af 40
MVA, 132 kV/80 kV are connected in delta
a13.2 kV transmission line (Fig. 12.5). If i}
490 MVA load, calculate the following:

~Wye'on

ey feed

a: The secondary line » oltage
b. The currents in the transtormer windings

€. The incoming and OutgoIng transmission line
currents

Solution

The easiest Way to solve this problem is to consider

the windings of only one transformer, say, trans-
former P,

4. The voltage across the primary winding is obyi-
ously 13.2 kv,

ning line voltage
phasor diagram If the
eroup of loads, the
m. But, if the outgoing
arallel with a line com.
shift may make
1ble, even if the
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120 MV A

The volage aeross th
SUkV,

The yoltage betwee
and 3 15

€ secondary is, therefore,

A the outgomg lines 1.2

E, =803 = [39 kv

b. The load carried by each transformer is

L

=93 = 30 MVA
The current in the prmary winding is
[o=30MVA/I32KkV = 2273 A
The current in the secondary winding is
i =30 MVA/RO KV = 375 A
c. The current in each meoming line A. B, Cis
I'=227233 =3937A

The current in each cutgoing line 1, 2, 3 s

I'=375A

12.4 Wye-delta connection

The currents and voltages in a wye-delta connection
are identical to those in the delta-wye connection of
Section 123 The primary and secondary connec-
tions are simply interchanged. [n other words. the
H; terminals are connected together to create 4 neu-
tral. and the X, X, terminals are connected in delta
Again, there results a 30° phase shift between the
voltages of the incoming and outgoing lines.
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Figure 12.6

| of the source,
' necled to the neulra

' th neutral of the pnmary con

Wye-wye connection wil

Figure 12.7 _ _
Wya-wys connection using a tertiary winding.

12.5 Wye-wye connection

When transformers are connected in w ye-wye, spe-
Cial precautions have (o be taken to prevenlt severe
distortion of the line-to-neutral voltages. One way
' prevent the distortion is 10 connect the neufral of
the primary (o the peutral of (he source, usually by
Way of the ground (Fig. 12.6). Another way is 1o
provide each transformer ith a third
called rertiar wintling. The
three transforme

winding,
leriary windings of the
I are connected in delis (Fig.
12.7). They often pProvide the substarion service
vOllsge where the rrans lormers are installed

Note thut there is no phase shifi be
conung dnd outgoine (Ensmission lip
4 WYC-WYe Connected lransformer.

Iween the in-
€ Voltages of

12.6 Open-de|ta connection
It is possible 11
System by uging
open-deli. The

Leanslorm the Viltage
only 2 Irensformers.
open-delta arrap geme

of & 3-phase
connected in
nt'is identical

th 3 delta-delta connection, except th
former is absent (Fig. 12.8), Howey

cent of the installed transformer
ample. if two 50 kVA transforme
open-delta. the installed capacity

as 1. may seem, it can only deliver 86.6 kVA |
the transformers begin to overhear,

The open-delia connection is mainly used in
smergency situations, Thus

» 1f three transformers

P
3-_._HI X )
. HI x’ ;

8]

X

i I
3
1 I-———ﬁ

Figure 12,84
Open-delia Conneclion:

il one Irans.-

er. |he Open-
delta connection is seldom used because the load

capaeity of the transformer bank is only 86.6 per-
capacity. For ey-
[5 are connected in

of the transformer
bank is obviously 2 X 50 = ¢ KVA. But, strange

e lore

Associated schematic and phasor diagram.

are connected in delta-delrg and one pi them he.
comes defective and has 1o be removed. 1t e poss;
wﬂ to feed the load on | Iem[ﬁnur} basis With the
(WO remaining transformers

E:ampfﬁ' 12-3 —
Two single-phase 150 kva 7200 V600 v ra
formers are connected in opey
maximum 3-phase loud they

fis

-delta. Calc ulate the

dnn L'éll"l'"_".'.

Solution

Although each transformer has arating of 150 KVA.

the two together cannor cany a load of 30 kVA

The following calculations show why:
The nominal secondary

current of each
former is

Irans-

£y = 150 kKVA/600 V = 250 A

The current 7, in lines 1. 2. 3 cannot, therefore. ex.
ceed 250°A (Fig. 12.8p). Consequently, the maxi.
mum load that the transformers can carry is

S=N3E]

(8.9)

= V3 X 600 x 250 = 259 800 VA
= 260 kVA
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Thus 1t

= RAlo
MAimom logd 260 kVA
Installed [FL-IJ.-LI'i-m']L-r F.&IHH;:{ T =01 kKVA

= ”HhT ar Hﬁ_-lf:r

12.7 Three-phase transformers

A transformer bank Composed of th

rdnsformers may be replaced by
former (Fig. 12.9), The ma
ranstormer has three legs th
secondan, Winding

ree single-phase
ane 3-phase trans-
Enelc core of such a
At Carry the primury and
S 0f each phase. The w ndings are
connected internally, either In Wye or in delta. with
the result that only Six terminals have to be brough

Outside the tank. For 3 g1ven tolal Capacity, a 3-phase
wanstormeris always smaller and cheaper than three
single-phase rinsformers. Nevertheless,
phase transformers are
ularly when a repl
amiple, s

single-
sometimes preferred. partic-
SCement unit is essential. For ex-
uppose a manufacturing plant absorhs S000
KVA. To guarantee continued service we can install
one 3-phase 5000 kVA transformer and keep a sec-
ond one as a spare. Alternanvely, we can install three
single-phase transformers each rated al 1667 kVA,
plus one spare. The 3-phase transformer Oplion is

(b

Flgure 12,8b

1
!
-.-—L...
._.__.f"Y'W"\_ -
L
kaad
3
!
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Sity: 2 % 5000 = 10000
s expensive (onal capacilys < i
ir.“‘:’!:i: ihz the single-phase oplon (1otal capacity
% 1667 = 6667 KVAL L

4 Fiz. 12.10 shows successive SIages of -.:un‘;u['m
- — " . \ = : ;-I 2

tion of # 3-phase 110 MVA, 212.3 L\f.-'ﬂ-.l._:n Lm ”-[]L
changing transformer.® Nole that i addioon A
three main legs, the magnetic core has two addi-

- Wi Iage
A tap-changing trassformer regulales the s .-fu.iar!.;u ag
. A S " . I' ' =
by automatically switching from vne tap (o bnother 00 12{
mary winding. The tap-changer 15 & motonyred device um[h ;
: ‘ i [ bt L n
control of 3 sexieor that continially mosstins Ui voltage

has 1o be beld constant

Figure 12,9

Three-phase transformear far an electnc are furnace,
fated 36 MVA 138 kVi160 V 1o 220 V.60 Hz, The
Secondary voltage Is adjustable from 160 V1o 320 v

g.hnwn}, Tre thres large busbars in the foreground de-
lver a current of 65 000 A Other characteristics: im-
pedance: 3.14?@: diameter of each leg of the core: 711
Mmm; overall height of cona: 3500 mm; center ling dis-
lance between adiacent corg legs: 1220 mm.
(Courtasy of Femanti-Packary)

ponal lateral legs. They {:I:Iilhll.‘ the L!'t.'ﬂyilu 10 re.
duce the overall height of II:Iu:.num!._u-,?;L.Tl Which
simplifies the problem of shipping. In effecy, .
ever large equipment has 1o be shippeqd. the de.
sioner is faced with the problem of overhe

‘ ad clear.
ances on highways and rail lines,

)

)
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Figure 12.10a
Core of a 110 MVA, 222.5 kV/34.5 kV, 60 Hz, 3-phasa

transformer. By staggering laminations of differen
widths, the core legs can be made almost circular This
reduces the coil diameter o a minimum, resulting in
less copper and lower /°R losses. The legs are tightly
bound to reduce vibration Mass of core: 53 560 Kg.

Figure 12.10b

Same transformer with coils in place. The primary
windings are connected in wye and the secondaries in
delta. Each primary has 8 laps to change the voltage
I steps of =2.5%. The motorized tap-changer can be
Seen In the right upper corner of the transformer,
Mass of Copper: 15 230 kg.

The 345 kV windings (connected n delta) are
mounted next (o the core. The 222 5 KV windines
(eonnected in wye) are mounted on 0p of the 34 5 v

b ol -
e =

Figure 12.10¢

Same lransformer ready lor shipping. It has been sub-

jected 1o a 1050 kV impulse test on the HV sida and a
similar 250 kV test on the LV side. Other details
pawer rating: 110 MVA/146.7 MVA (OA/FA): total
mass including oil: 158.7 t: overall height: 9 m; width:
8.2 m, length: 9.2 m.

(Courtesy of ABB)

Figure 12.11a
Wye-connected autotransformer
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windings. A Space of several cenumeters separates the
IwWo windmes 1o ensure good wolation and to allow
u_.u.ﬂ! o1l 1o flow freely between them. The HV bush-
INgs that protrude from the oil-filled tank are con-
fected toa 230 kV line. The mediom voltage (MV)
bushings are much smaller and cannot be seen in the
rflﬂ-ir-gr::pl'.lﬁg 12.10¢),

12.8 Step-up and step-down
dutotransformer

When the voltage of a 3-phase line has to be stepped

4P Or siepped down by a maderate amount. it s eco-

nomically advantageous to use three single-phase

transformers (o create 4 wye-connected aurorrins-

former. The actual physical connections are shown
inFig. 12.11a, and the comesponding schematic di-
agram is given in Fig. 12,115, The respective line-
to-nedtral voltages of the primary and secondary
are obviously in phase Consequently, the incoming
and outgoing fransmission lipe vaoltages are in
phase. The neutral is connected to the Sysiem neu-
tral, otherwise a tertiary W inding must be added 1o
prevent the line-to-neutral voltsge distortion men-
toned previously (Section 12.5).

Figure 12.11b
Associated schematic diagram
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Figure 12.11¢c

Smg!&ghasa aulotransformer (one of a group of three) connecting a 700 KV, 3-phase, 80 Hz transmission line 1o
f‘s;ne:s:::g Sﬂ:} KV system. Tha_ transformer ratio is 404 kV/173 KV, to.give an oulput of 200/267/333 MVA per
majm:jn:;;anac;zmpzratlum rise of EE?jC. Cooling is OA/FA/FOA. A terliary winding rated 35 MVA, 11.9 kV
properies of this rraizi T ortan-free line-lo-neutral voltages, while praviding power for the substation. Other
weight: 265 1. BIL rat eImer: weidnt of core and windings: 132 {; tank and accessories: 46 1; oil: 87 1: total

: - BIL1Alng 1s 1850 kV and 1050 kV on the HV and LV side. respectively. Note the individual 700 kV

fgnt) and :
(right) and 300 kV (jef) bushings protruding from the tank The basic impulse insulation (BIL) of 1950 kV and

1050 kV exprasses the fransformars anir : |
(Coviriesy of Hyaro-Oucbedy 5 ability lo withstand lightning and switehing surges.

Ford given power oufput, an Aulolransfanmer ;¢
smaller and cheaper than 4 CONVEntiomal tranc.
farmer (see Section 11.2). This is particularly frye if
the ratio of the incoming line valtage o2t
line voltage lies between 0.5 dnd 2 =

Figure |12.11c shows a large single-phase o
ransformer rated 404 kKV/173 KV with 5 fertinry
winding rated 11.9 KV It is part of 4 3-phase trans
former bank used 1o connecta 700 kV ¢

= dnsmission
line to an existing 300 kV sysiem,

—

Example 12-4 S

The voltage ol a 3-;‘15’3,:1."»&'. 230 kV lipe his to T:
stepped up to 345 kV 1o supply a load of 200 MVA
Three single-phase transformers connected 4 ap-
totransformers are to be used. Caleulate the basic
power and voltage rating of each transtormer, as-
suming they are connected as shown in Fie
[2.11b. _

Solution

To simplify the calculations, let us consider onlv

one phase (phase A, say). g
The line-to-neutral voltage between X, and H. is

Exw = 345/ 3 = [909 kY
The line-to-nentral voltage between H, and Hx is
Easn = 230/43 = 133 kV
The voltage of winding X, X, between lines | and A is
Eix =199 - 133 = 66 kV

This means that each transformer has an effective pn-
miry 10 secondary voltage rating of 133 kV 1o 66 kV.
The current in each phase of the outgoing line is
l.=8SIN3E (8.9)
= (200 > 107)/(V3 x 345000)
== 33'5 A

The power associated with winding X, X5 is
8§, = 66 0D0 x 335 = 22.1 MVA

Winding HH; has the sume power rating. The ba-
SIC rating of each single-phase transformer is there
fore 22.1 MVA,
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I}‘:r.' Dase r-!!]ﬁ:.'_‘ ol the

5221 x 3 = 66.3 MVA

”"l'.' h:."_'klr_'

3-phase transformer bank

rinsformer raling (s
cemed) 1s congidersh
"..ILE"'.!'..“.:r l'Flr

fact ¢

taras size s con-
ly less than its load-carrying
200 MVA. This is in Keepmg with the
3 hat the ratio of ransformation ( 145!’53” = |.5)
l1e&s between (.5 and 2.0,

12.9 Phase-shift principle

A 3-phase system enables us to shift the phase an-
2le of a voltage very simply. Such phase shifting en-
ahles 'us o creaie f-ph:i.‘-c:_ 6-phase, and |3-phh;5._q,¢
S¥stems from an ordinary 3-phase line. Such multi-
phase systems are used in large electronic converter
stations and 1n special electric controls, Phase shift-
g is also used to control power fow over trans-
mission lines that form part of a power grid.

To understand the phase stuftung pranciple. con-
stder a rheostat connected between phases B and C
0f a 3-phase line (Fig. 12.12). As we slide contact P

lime A
A
Ooutput E
voltage AP
F
F
lll't{ H ﬂ-.E Et'f ["TE 'c

Figure 12.12 |
Voltage Exp can be phase-shifted with respect to Exc

by means of a potentiomeler.
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from phase B toward phase C, mllﬂgg‘ Exp Eq:‘l:t;llgﬂ:"i
both in amplitudé and phase. We abtain 4 60°p ﬂl‘f’w
shift in moving from one end of the potentiomeler
to the other. Thus, as we move from B to C, voltage
E .y gradually advances in phufe with mspet:I_l'-:
E .- At the same time, the magmtudt_ﬂf Eap 1‘%”*;;
slightly, from E (voltage between the lines) (o 0.86

E when the contact is in the middle of the rhemu{l-

Such a simple phase-shifter can only be used in
circuils where the load between terminals A and P
draws a few milliamperes, If a heavier load 1s ap-
plied, the resulting /R drop n the rheostal com-
pletely changes the voltage and phase angle from
what they were on open-circuit.

To get around this problem, we connect a mul-
titap autotransformer between phases B and C
(Fig. 12.13), By moving contact P, we oblain the
same open-circuit voltages and phase shifts as be-
fore, but this time they remain essentially un-
changed when 4 load is connected between termi-
nals A and P. Why 15 this s0? The reason is that the
flux in the autotransformer is fixed because Eye 18
fixed. As a resull, the voltage across each turn re-
mains fixed (both in magnitude and phase)
whether the autotransformer delivers a current to
the load or not.

Fig. 12,14 shows 3 tapped autotransformers con-
nected between lines A, B. and C. Contacts By, P,
Py move in tandem 4s we switch from one ser of
laps 1o the next. This arrangement enables us o cre-

ling 8

Figure 12.13
Aulotransiormer used as a phase-sh'rﬂar.

||."‘-.& C

Figure 12.14
Three-phase phase shifter.

ate a 3-phase source P, P5, P; whose pPhase angls
changes stepwise with respect to source ABC. ':‘.1-
obtain @ maximum phase shift of 60° 4 We moye
from cne extremity of the autotransformers (o the
other. We now discuss some practical applications
of the phase-shift principle.

12.10 Three-phase to 2-phase
transformation

The valtages in a 2-phase system are equal but dis-
placed from each other by 90°. There are several
Ways [o create a 2-phase system from a 3-phase
souree. One of the simplest and cheapest 15 (0 use a
single-phase autotransformer having taps at 50 per-
cent and 86.6 percent. We connect it between any
two phases of a 3-phase line, as shown in Fig. 12:15.
Ifthe voltage between lines A, B, Cis 10V, voltages
Exy and By are both equal to 86.6 V. Furthermore,
they are displaced from each other by 90°. This rela-
tionship can be seen by referring to the phasor dia-
gram (Fig, 12.15¢) and reasoning as follows;

. Phasors £, . Epc.and B, are fixed by the
souree,

. Phasor E.n 15 1n phase with phasor E .y, be-
cause the same ac flux links the turns of the au-
lolransformer.

- Phasor Exp 18 in phase with phasor E 4 for the
SAME reason,

icl

Figure 12.15

a. Simple method to obtain a 2-phase system from a
3-phase line, using a single transformer winding

b. Schematic diagram of the connections.

€. Phasor diagram of the voltages.

% From Kirchhoff’s voltage law. Ean T+ Ene =+
Ecy =0. Consequently, phasor Ey. must have
the value and direction shown in the figure.

Loads 1 and 2 must be isolated from each other.
slch as the two windings of a 2-phase induction mo-
tor. The ratio of transformation (3-phase voltage to
2-phase voltage) is fixed and given by E glExy =
100/86.6 = 1.15,

Another way to produce a 2-phase system is [0 use
the: Scort connection. 1t consists of two identical
single-phase transformers, the one haying a 50 percent
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‘ap and the other 441 86.6 percent lap on the primary
;;IJ"J'J!I::.'- _-:: ransformers e connected as ﬁll':lr:}'.l.n z;'r
.H_.*; 12.16. j"n: 3-phuse soyree is connected to term-
mi:.-'\_ B, C and the 2-phase load is connected to the
~t~r.umiar§. windings. The rano of transf ATnation
(3-phase line Voltage 16 2-phace [ine voltage) is eiven
by E Aw/Ey5. The Scon connection has the a:h';i.nt:w: of
isolating the 3-phase and =-phase systenis and prf.:x‘id—
g any desired voltage rafig between them.

Except for SEVOmOoLor  applications. 2-phase
SYSIEmS are seldom encountered todav.

Example 12.5
A Hﬂmw. TSkW (10 hp), 240 V. 60 Hz motor has
an um-,:n_enq. of 0.83 and g power factor of 0,80 It
1510 be fed from a 600 v 3-phase line using a Scoir-
connected transformer bank (Fie. |12 16¢c).

Calcular (4

a. The apparent power drawn by the motor
b. The current in each 2-phase lige

C. The currentin each 3-phase line

Solution
a. The active power drawn by the motor is

P = P jn = 7500/0.83
= 0036 W

The apparent power drawn by the motor is

S = Plcos & = 9036/0.8
= 11 295 VA
T'he apparent power per phase is
§ = 1129572 = 5648 VA
. The current in each 2-phase line is
= S/E = 3648240
=235A
. The transtormer bank itself consumes very lit-
tle active and reactive power; consequently, the
3-phase line supplies only the active and reac-
uve power absorbed by the motor. The total ap-
parent power furnished by the 3-phase line is,
therefore, 11 295 VA,
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Figure 12.18

a. Scolt connection.
b. Bhasor diagram of the Scoft connection.

ND TRANSE ORMERS

1 240 V 2 235A

Figure 12.16¢
See Example 12-5.

The 3-phase line current is

I = SIN3 E) = 11 295/(\3 x 600)
= 109A

Figure 12,16¢ shows the power circuit and the
line voltages and currents.

12.11 Phase-shift transformer

A phase-shift transformer is a special type of 3-phase
autotransformer that shifts the phase angle between
the incoming and outgoing lines without changing
the voltage ratio,

Consider a 3-phase transmission line connected
(o the terminals A, B, C of such a phase-shift trans-
fnrmer (Fig. 12.17). The transformer twists all the
Incoming line voltages through an angle o withoul,
however, changing their magnitude, The result IS
ﬂfwt all the voltages of the outgoing transmission
]II'IE.I, 2, 3 are shifted with respect to the voltages of
the incoming line A. B, C. The angle may be lead-

phase.shift
transformer
: : 1
i =
= ,
L p——
= 3
=T o =
==
Tap changer
Figure 12.17a
Phase-shift transformer.
A
«F
\ -
\

Figure 12.17b
Phasor diagram showing the range over which the
phase angle of the outgoing line can be varned.

ing or lagging, and is usually variable between zero
and =20°,

The phase angle 1s sometimes varied in discrete
steps by means of a motorized tap-changer.

The basic power rating of the transformer
(which determines its size) depends upon the ap-
parent power carried by the transmission line, and
upon the phase shift. For angles less than 20% it 1s
given by the approximate formula

S']' - {}[}:ﬁ ‘Sl. ﬂn.u_,.' [l:ll
where

St = basic power rating of the 3-phase
transformer bank [VA]
S;. = apparent power carried by the trans-
mission line [VA]
= maximum transformer phase shift [*}
an approximate coefhicient

mix

0.025
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Example 12-4
A phase-shift transformer is designed (o contral 150)

M"‘»::’i ona 230 kv 3-phase line. The phase angle 19
variable between Zéro and =15 i

4. Calculate the approximate hasic POWEr rating

of the transformer. L

0. Calculate the line currents in the incoming and
QUIZOINE transmission lines.

Solution

a. The basic power rating is

S+=0025 5, .., (12.1)
=0.025 x 150 % 15

= 56 MVA

Note that the power rating is much less than the
power that the transformer carries. This is a
feature of all autotransformers.

b. The line currents are the same in both lines, be-
cause the voltages are the same. The line cur-

rent 1s
I=8N3E (8.9)
= (150 > 10°WV(N3 x 230000)
=3ITT A

Fig. 12.18a is an example of a 3-phase transformer
that could be used to obtain a phase shift of. say. 20
degrees. The transtormer has two windings on each
leg. Thus, the leg associated with phase A has one
winding PN with a tap brought out at terminal A and
a second winding having terminals a, 3. The wind-
ings of the three phases are intereonnected as shown.
The incoming line 15 connected to terminals A, B. C
and the outgoing line to terminals 1, 2. 3.

The result is that £, lags 207 behind E .
Similarly, Esx lags 207 behind Eyy, and £5y lags
20° behind Eqy (Fig, 12.18¢).

The basic prnciple of obtaining a phase shiftis
connect two voltages in series that are generited
by two different phases. Thus. voltage £,y zencr-
ated by phase B is connected in series With Epy
generated by phase A. The values of Epy and E,, are
celected so that the output voltage is equal to the in-
put voltage while obtaining the desired phase angle
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Figure 12.18a

Construction of a 3-phase-shift Lransfarmer. ThE_ in-
coming terminals are A, B, C; the outgoing terminals
are 1,2 3.

Figure 12.18b
Schemalic diagram of the iransformer in Fig. 12.18a.

i?mwee-n,-ﬂacm. In our particular example, if £ is the
hne-l;_o-neulral voltage of the ncoming line, the re-
Speclive voltages across the windings of phase A are

O " ﬁ;
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Figure 12.18¢
Phasor diagram of a transformer that gives 2 phase-

shift of 207,

Esn=E
EPN = |.14E
Ey, = 0.40F

Eyn = Eans—20°

In practice, the internal circuit of a tap-changing,
phase-shift transformer is much more complex.
However, it rests upon the basic principles we have
just discussed. The purpose of such transformers
will'be covered in Chapter 25.

12.12 Calculations involving
3-phase transformers

The behavior of a 3-phase transformer bank is cal-
culated the same way as for a single-phase trans-
former. In making the calculations. we proceed as
follows:

L. We assume that the primary and secondary
windings are both connected in wye, even if
they are nor (see Section 8.14), This eliminates
the problem of having to deal with delta-wye
and delta-delia vVoltages and currents.

Vd

i We consider ﬂlll'}' one “i'll'l‘:'h”'mcr {single E'I'h
of this assumed wye-wye transformer I’r-'uan}'
3. The primary voltage of this hypothetic
former 1S the line-1o-neutril ve

coming line.

v )

al trang-
ltage of the -

4. The secondary voltage of this transformer is fhe
line-to-neutral voltage of the OUlEoing line

& = L.
The nominal power rating of this
ane-third the rating of the 3-ph
bank.
6. The load on this transformer i< one-third the

load on the transformer bank.

LA

transformer i«
a5e ininsformer

Example 12-7 —
The 3-phase Step-up transformer shown in Fie.

10.18 (Chapter 10) is rated 1300 MVA_ 24,5 kV/345
kV. 60 Hz, impedance 1].5 percent. It steps up
the voltage of a generating station ta power a
345 KV line.

4. Determine the equivalent eirouit Of this trans-
former, per phase.

b. Calculate the voltage across the eeneralor ter-
minals when the HV side of the transformer
delivers 810 MVA at 370 kV with a lagging
power factar of ().90.

Salution

4. First, we note that the primary and second-
ary winding connections are not specified,
We don't need this information. However,
We assume that both windings are connected
in wye.

We shall use the per-unit method to solve
this problem. We select the nominal voltage of
the secondary winding as our base voltage, Ex

The base voltage is

Ey = 345/N3 = 1992 kV
Ratio of transformation is
g = 345/24.5 = 14.08

The nominal power rating of the transformer
Will'be used as the base power Sy. Thus,

Sg = 1300/3 = 433.3 MVA
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Z+pu)
= 0115 /llpu)

Figure 12.19
See Example 12-7

Thisis a very large transformer consequently, the
transtormer impedance is almust entirely reactive.
Ihie per-unit impedance 1s. therefare.

Zi(pu) =j 0.115

The equivalent circuit is shown in Fig. 12.19,
b. The power of the load per phase is

S. = 8103 = 270 MVA
The voltage £, across the load i
E, =3T0kVA3I =213.6 kV
The per-unit power of the load is
Si(pu) = 270 MVA/433.3 MVA = 0.6231

By selecting £, as the reference phasor. the
per-unit volluge across the load 1s
E(pu) = 213.6 kV/199.2 kV
= [.O723 20°

The per-unit current in the load is

0.6231 :
li(pu) = ipl, O] = (1.5811
Epu) 10723

The power factor of the load is 0.9. Consequently,
[; lags behind E; by an angle of arcos 090 =
25.84°. :

Consequently, the amplitude and phase of the
per-unit load current IS given by

[ (pu) = O.5811L —25.84°

The per-unit voltage E, (Fig. 12.19)1s
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Epu) = £y tpu) + L (pu) X Zipul
— 1I072320° + (58112 —25:847)
w (LIS 2907)

= 1.0723 + 0,0668.L064.16°

= 1.0723 + 0.0668(cos 64167 T
jsin 64.167)

= [.1014 + ; 0.0601

=1403£312°

Therefare,
E = 1.103 X 345kV = 181 kVL3 127

The per-unit voltage on the primary side is also

E. =1103£3.12"

The effective voltage across the terminals of the
generilor 18, theretore,

E, = Elpu) * Eg(primary)
= 1.103 x 245kV

(b)
= 2702kV

Figure 12.20
Polarity marking of 3-phase transformers,

12.13 Polarity marking
of 3-phase transformers

The HV terminals of a 3-phase transformer are
marked H,, H;, H; and the LV terminils are marked
Xy Xo, X5, The following rules have been stan-

_ ondary line voltages. The internal connections
dardized:

dre made so that the voltages on the HV side
always lead the voltages of similarly-marked

I If the primary windings and secondary wind-
terminals on the LV side. Thus,

ings are connected wyeswye or delia-delta, the
voltages between similarly-marked terminals Eqy o, leads Ey by 30°
| | aR HiH. cads X X, } !
are in phase. Thus.

Ejy 5, 15 in phase with Ly x, Eyn leads E o by 30°
“H.H. EN X DY -

£y, 510 phase with Evx
£y, 1510 phase with Err.
and so on.

and so on.,

Fig. 13:20 shows two ways of representing the

T . -l delta-wye terminal markings,

2, primaty and secondary windings are con-
nected in wye-delus or delta-wye, there results
a 30° phuse shift between the primary and sec-

3. These rules are not affected by the phase
sequence of the line voltage applied to the
primary side.

@Questions and Problems

Practical level

12-]

;\5sun111]‘|g that the Imminnm,-r lErminals
1ave polanly marks Hi. H,. X v
schematic i.Jr;m'ing». of the _1] ,::,I,I,,::“'ﬁmdu
nectons: '
a. Delta-wye
b. Open-delta
Three single-phase transformers rated 4t
230 KVA, 7200 V600 V. 60 Hz are con-
nected in wye-delta on 3 12 470 V, 3-phase
line. IF the load is 450 kVA_ calculate the
following currents:
a. Inthe incoming a
sion lines
b. In the primary and secondary windines

Lion-

nd outgoing transmis-

The transformer in Fig. 12.9 has 2 rating
of 36 MVA, 13.8 kV/320 V. Caleulate the
nominal currents in the paimary and
ondary lines.

alC-

Calculate the nominal currents in (he pri-
mary and secondary windings of the trans-
tormer shown in Fig. 10.18§. Knowing that
the windings are connected in delta-w VE.

Intermediare level

12-5

The transformer shown in Fig. 10,19 oper-
ates in the forced-air mode during the
morning peaks,

a. Calculate the currents in the sec-
ondary lines if the primary line volt-
age is 225 kV and the primary line
current is 150 A.

b. I8 the transformer overloaded?

The transformers in Problem 12-2

used 1o raise the voltage of a

60OV line to 7.2 kV,

4, How must they be connected?

b, Calculate the line currents for & 60
KVA load.

. Caleulae the corresponding primary
and secondary currents.

JME

I
-
A

-phase

THREE PHASE TRANSFORME RS

26|

|||H"+]lg-|, o~
TUCT O et an ".““-’ré.'.{:nl._"'{_ [hr¢¢

ranstormers rated
100 kVA_ 13 3 kV/2.4 kY

N wye-(lg]

"”if__fl-__"-i‘l-l];,_;.\..;

are connected

Wona .L;"ril"lls.xt I8 kV line

& What is the miximum load that can be
~onnected 1o the transformer hank?

b. What is the ouleoine

T-,_L 0 “--;T“‘\T!?'I']T][:T.. TUTL'IJ a1 :'_ﬁ.]]- lp\‘l'--'{
24 kV/ie0n V

line viltage?

4Ie connected in open-
delta o supply a load of 400 K\ A

d. Are the iIRanstormers oy erlo
h.

aded?
What is the maximum load the bank
Can camy on a conlinuous basys?
Referring to Figs. 12.3 and 12.4. the line
Voltage between phases A-B-C is 6.9 kV
and the voltage between lines 1. 2. and 3
15 balanced and equal to 600 V Then, ina
similur installation the secondary wind-
Ings ol transformer P are by mistake con-
nected in reverse. '
a. Determine the voltages measured be-
tween lines 1-2, 2-3, and 3-1.

b. Draw the new phasor diagram.

Industrial application

Three 150 kVA, 480 V/4000 V. 60 Hz sin-
gle-phase transformers are to be installed
on & 4000 V. 3-phase line. The exciting
cument has a value of 0,02 pu. Calculute
the line current when the transformers are
operating at no-load.

The core loss 10 o 300 kKVA 3-phase
distmbution transformer is esiimared o
be 0,003 pu. The copper losses are
0.0015 pu, If the rransformer operates
effectively dt no-load 50 percent of

the time. and the cost of glectricity 15
4.5 cents per KWh. calculate the cost of
the no-load operation in the course ol
ane yedar.

The bulletin of & transformer manufacturer
indicates that a 150 kKVA, 230 V208 V,
GO Hz, 3-phase autotransformer weighs




